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CalciumLithology is an important characteristic of the terrestrial surface, whose properties inﬂuence chemical
weathering rates. Speciﬁcally non-silicate minerals may contribute signiﬁcantly to the weathering derived
ﬂuxes from silicate-dominated lithological classes. The Japanese Archipelago consists of predominantly
silicate-dominated lithologies with a high proportion of volcanics. However, the spatially explicit repre-
sentation of chemical weathering rates remains difﬁcult for such a large region, because many controlling
factors on chemical weathering rates are correlated with each other. Due to the spatial heterogeneity of
lithology, a multi-lithological model approach to estimate spatially explicit chemical weathering rates for
unmonitored areas is applied here. To achieve this, hydrochemical data of 381 catchments are used to train a
set of models, recognizing the contribution of a variety of proposed factors inﬂuencing chemical silicate rock
weathering rates (CSRWR: cations plus dissolved silica ﬂux). The monitored catchments cover ~44% of the
Japanese Archipelago. Cation chemical weathering rates (excluding Si) are linearly correlatedwith CSRWR and
show outliers if basic volcanics or pyroclastic ﬂows are present due to increased silica release rates.
Lithology and runoff are identiﬁed as the strongest predictors for chemical weathering rates. Temperature and
gradient of slope are of less relevance for the regional scale prediction while further proposed factors like soil
properties or land cover are not identiﬁed as major predictors. Latter ﬁndings are partly attributed to geodata
quality, low variability of parameter values as well as spatial correlations of proposed controlling factors with
lithology or runoff.
The calculated average CSRWR of the Archipelago is ~25 t km−2a−1 and ranges from 5.9 to 107 t km−2a−1 in
monitored catchments. Weathering rates per lithological class as a function of runoff can be grouped into three
classes: a)pyroclasticﬂows showing thehighest chemicalweathering rates; b) alluvial deposits,mixed sediments
and basic to intermediate volcanics with medium rates; and c) metamorphics, siliciclastic sediments, acid
volcanics, acid plutonics and unconsolidated sediments (other than alluvial deposits), showing the lowest rates.
The recognition of lithogenic sulfur would add 9.7% to CSRWR of considered catchments. Results suggest that the
lithological classes acid volcanics and unconsolidated sediments contribute above average to the sulfur ﬂuxes.
Possible biases of this observation are discussed.
The contribution of Ca-ﬂuxes fromnon-silicate calcicminerals (named Ca-excess, Ca-ﬂuxes in addition to silicate
Ca-ﬂuxes) is about 10% of the CSRWR on average and is attributed by a wide value range. The calculated ratio
“Ca-excess to total Ca-ﬂuxes” from chemical weathering averages around 62%, 75%, 56%, 83% and 84% for the
lithological classes acid plutonics, metamorphics, siliciclastic sediments, mixed sediments and acid volcanics,
respectively. This suggests amajor Ca-contribution from non-silicate calcic minerals for these lithological classes.
Phosphorus release from rocks due to chemical weathering is estimated to be between 1 kg P km−2a−1 and
390 kg P km−2a−1. The P-release patterns in dependence of runoff per lithological class are different from
CSRWRsdue to differences of applied P-content in rocks. The identiﬁed spatial P-release patterns suggest that the
consideration of dynamic and spatially resolved P-release rates by chemical weathering might improve
ecosystem studies. Later ﬁndingsmay be of importance for analysing the inﬂuence of P-release from rocks on the
climate system via ecosystem functioning on geological time scales. A ﬁrst application of the P-release model to
the global scale suggests an annual release of 1.6 Mt P (13.8 kg P km−1a−1) by chemical weathering of silicate
dominated lithological classes (excluding carbonate sedimentary rocks).-NC-ND license.© 2010 Elsevier B.V. Open access under CC BY-NC-ND license.
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Chemical weathering shapes landscapes and supplies essential
elements like silicon, phosphorus, calcium,magnesium and potassium
to ecosystems. Key factors that control chemical weathering processes
in the ﬁeld are e.g., lithology, runoff, temperature, physical erosion,
morphology, soil, ecosystems, land use as well as tectonic activity
(Goldich, 1938; Garrels andMackenzie, 1967; Meybeck, 1987; Berner,
1992; Raymo and Ruddiman, 1992; Lasaga et al., 1994; Bluth and
Kump, 1994; White and Brantley, 1995; Stallard, 1995; Boeglin et al.,
1997; Alexandre et al., 1997; Moulton et al., 2000; Navarre-Sitchler
and Brantley, 2007; Navarre-Sitchler et al., 2007; Anderson et al.,
2007; Perrin et al., 2008; Gislason et al., 2009; Hartmann et al., 2009;
Hartmann, 2009; Fraysse et al., 2010).
The general (qualitative) inﬂuence of each of these factors on
chemical weathering processes (and thus rates) is well-understood,
based on laboratory and ﬁeld research. Despite the multitude of
existing weathering studies, it remains unsolved how to derive
reliable and spatially resolved information on weathering rates and
related processes at the regional or global scale. Spatially explicit
information on chemical weathering rates is, however, essential to
understand global or regional matter cycles. Development of reliable/
robust prediction models for extrapolation to areas without moni-
toring data, but with heterogeneous lithology, remains difﬁcult. This
is partly because the development of prediction models demands a
large data set of training catchments to isolate the inﬂuence of
above named factors. Further, the isolation of signiﬁcant predictors at
the regional scale is constrained because relevant potential predictors
for weathering rates are often correlated or intimately intertwined
(c.f. discussion in Godderis et al., 2009). The observed correlations
between potential predictors complicate application or interpreta-
tion of estimated parameters if functional terms based on thermo-
dynamical considerations are applied, which are mostly based on
results from laboratory studies (compare the approaches in: West
et al., 2005; Godderis et al., 2006; Navarre-Sitchler and Brantley,
2007; Godderis et al., 2009). Mechanistical model approaches were
developed to overcome these problems using a model design
addressing relevant phenomena identiﬁed (Godderis et al., 2006,
2009). Alternatively, empirical analysis approaches were identiﬁed
to be a good tool to analyse the inﬂuence of dominant factors on
weathering processes at the catchment scale. More important, the
developed methods can be used to gain information on local and
regional element ﬂuxes from weathering processes to understand
their role in the matter cycles (Amiotte-Suchet and Probst, 1993a;
Bluth and Kump, 1994; Beusen et al., 2009; Hartmann, 2009; Jansen
et al., 2010; Hartmann et al., 2010a).
One of the key pieces of information needed is a lithological map
with a certain minimum resolution and distinguishing relevant
lithological classes (Dürr, 2003; Dürr et al., 2005; Moosdorf et al.,
2010). Lithological maps aggregate the most important properties of
the underlying rock into a few lithological classes (Amiotte-Suchet
and Probst, 1993b; Bluth and Kump, 1994; Amiotte-Suchet et al.,
2003; Dürr et al., 2005; Hartmann, 2009; Jansen et al., 2010). How-
ever, they do not, until now, provide local and speciﬁc information of
contents of easy weatherable trace minerals which may contribute
signiﬁcantly to weathering derived ﬂuxes, speciﬁcally in case of Ca
(c.f. Jacobson and Blum, 2003; Oliva et al., 2004; White et al., 2005).
Although, silicate and carbonate weathering is normally distin-
guished, the contribution of non-silicate Ca-containing minerals from
non-carbonate rock lithological classes is rarely addressed at the
regional scale. However, rocks predominantly composed by silicate
minerals can release a signiﬁcant amount of Ca from trace or matrix
carbonate, or non-silicate calcic minerals like apatite (c.f. Jacobson
and Blum, 2003; Oliva et al., 2004; White et al., 2005). This is because
of larger dissolution rate capacities of those minerals if compared to
the average of silicate minerals in certain rock types (c.f. Meybeck,1987 or White et al., 2005). Those minerals are in general of only
minor relevance for the total geochemical composition of rocks (e.g.,
trace calcite in granite, White et al., 2005).
Further, minerals containing sulfur (e.g. pyrite or anhydrite) or
phosphorus (e.g. apatite) are rarely addressed in the analysis of
chemical weathering rates (c.f. Oliva et al., 2004; Calmels et al., 2007).
However, geogenic sulfur can signiﬁcantly contribute to the mass
losses of an area due to chemical weathering (c.f. Lerman et al., 2007;
Calmels et al., 2007; Hartmann, 2009).
Knowledge about the liberation of phosphorus by chemical
weathering is limited and only a few studies estimated the liberation
of phosphorus by chemical weathering to soil- and ecosystems
(Walker and Syers, 1976; Gardner, 1990; Newman, 1995; Pett-Ridge,
2009). However, knowledge of the P release rates is important to
understand ecosystem processes and to develop ecosystem models,
speciﬁcally for pre-anthropogenic conditions (e.g., Porder et al., 2007;
Buendia et al., 2010; Wang et al., 2010). Particularly the spatial
variability of the phosphorus release by chemical weathering in
dependence of the composition of underlying rocks (lithology) has
not been assessed properly for regional scales yet.
Regional scale studies on lateral silica, carbon, calcium and sodium
ﬂuxes suggest runoff and lithology as main predictors for chemical
weathering rates (Amiotte-Suchet and Probst, 1993b; Bluth and
Kump, 1994; Hartmann, 2009; Jansen et al., 2010; Hartmann et al.,
2010a; Moosdorf et al., 2010, 2011). Runoff aggregates information of
precipitation, evapotranspiration, hydrological pathways, ratios of
groundwater to surface water, land cover and others. To derive a
robust prediction model, a lithological map with a certain minimum
resolution is needed to distinguish relevant details. An alternative is to
apply a set of catchments with a comparable lithology, mineralogy
and/or geochemistry to derive a mono-lithological model for matter
ﬂuxes (Amiotte-Suchet and Probst, 1993b). For example, a weather-
ing model for acidic rock weathering rates based on precipitation,
temperature and physical erosion rates for predominantly granite and
pelite dominated catchments has been developed by West et al.
(2005). However, robust regional scale chemical weathering models
that include a heterogeneous lithological setting with multi-litholog-
ical catchments are still not established.
Further, the comparison of results from previous studies on
chemical silicate weathering rates (not models) is difﬁcult, because
different deﬁnitions for chemical weathering rates are used: a) cation
chemical weathering rate (CCWR), b) chemical silicate rock weath-
ering rate (CSRWR; normally including major cations and dissolved
silica), c) total chemical weathering rate (all dissolved components
from rock and soil weathering, which includes ﬂuxes from salts in case
evaporites are abundant) or d) carbonate weathering rate (Ca,
lithogenic C and in case of dolomite in addition Mg). Annual cation
chemical weathering rates are normally stated as mass per area or
equivalent per area.
In the following, two deﬁnitions of chemical weathering rates are
applied: 1) CSRWR: chemical silicate rock weathering rate from
silicate dominated lithological classes, based on the major cations and
dissolved silica, 2) CSRWR&S: chemical silicate rock weathering rate
as in deﬁnition 1), but including sulfur. The contribution of Ca from
non-silicates is termed “excess-Ca”. Weathering of carbonate sedi-
mentary rocks (lithological class SC in Table 1) is not considered in
this study.
Here, a multi-lithological approach based on previous work about
dissolved silica and bicarbonate ﬂuxes (Hartmann, 2009; Hartmann
et al., 2010a) is applied to develop a robust prediction-model-
framework for chemical weathering rates of the Japanese Archipelago
for silicate-dominated lithologies (CSRWR) including major cations,
dissolved silica and sulfur. The study is based on 381 sampled
catchments (Fig. 1). Mapped carbonate sedimentary rocks are
excluded due to the low abundance at the Archipelago (b0.3% areal
proportion) (Fig. 2). The relevance of proposed dominant factors like
Table 1
Mean values of catchment properties of the monitored catchments and all basins of the Japanese Archipelago (left side). Average CSRWR, runoff, temperature, gradient of slope and suspended matter ﬂux (SPM) per lithological class are
provided considering catchments dominated by one lithological class (proportionN0.6) (right side).
Monitored catchments All Japanese basins included Summary for case: proportion of one lithological class N0.6
CSRWR
(t C km−2 a−1)
Runoff (mm a−1) Temp (°C) Slope (°) SPM-ﬂux
(t km−2 a−1)
n
Mean Max Min Standard
deviation
Mean Max Min Standard
deviation
Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max.
Catchment area (km2) 627 9791 0.5 1155 4880 20,421 1.0 480
Slope (°) 13.29 27.29 0.42 4.99 11.01 28.16 0.06 5.55
Temperature (°C) 11.08 17.80 0.53 3.37 10.68 20.58 −7.36 1.71
Forest (%) 76.55 100.00 0.00 23.78 69.27 100.00 0.00 38.24
Cropland (%) 22.23 100.00 0.00 22.39 27.86 100.00 0.00 37.70
Urban (%) 0.41 50.00 0.00 3.68 0.51 100.00 0.00 1.66
Rice (%) 0.34 13.50 0.00 1.38 0.99 100.00 0.00 5.23
Runoff (mm a−1) 1185 3263 414 490 1104 3263 351 411
Alluvial deposits (AD) (%) 11.85 100.00 0.00 20.17 21.06 100.00 0.00 36.00 22.0 11.2 41.6 811 600 1203 14.1 5.8 16.7 2.6 0.4 8.4 24.7 5.5 79.9 15
Sediments, semi- to
unconsolidated (SU) (%)
10.25 96.18 0.00 16.69 13.50 100.00 0.00 29.96 31.6 16.0 64.3 1421 512 2180 11.6 4.5 15.8 11.9 8.3 17.0 80.2 6.0 515.7 13
Mixed sedimentary rocks (SM) (%) 3.83 95.03 0.00 12.30 4.43 100.00 0.00 20.59 17.3 11.2 27.7 686 414 958 12.3 8.6 15.2 14.5 11.8 16.1 6.9 1.6 16.4 5
Siliciclastic sedimentary rocks (SS) (%) 20.55 100.00 0.00 31.29 16.08 100.00 0.00 30.81 25.8 7.4 58.5 1536 449 2456 12.4 3.5 15.6 17.6 7.3 25.6 13.3 1.8 107.9 56
Basic and intermediate volcanic
rocks (VB) (%)
17.85 99.71 0.00 21.76 17.24 100.00 0.00 37.45 33.0 17.3 50.4 1199 495 2643 10.2 0.5 15.6 13.0 7.7 20.0 15.2 1.7 91.6 22
Acid volcanic rocks (VA) (%) 8.61 99.63 0.00 14.94 6.60 100.00 0.00 18.14 34.7 16.8 72.8 1535 864 3263 13.3 10.4 14.5 13.6 10.3 17.3 14.9 4.5 27.8 7
Pyroclastic ﬂows (PY) (%) 8.03 99.58 0.00 16.31 5.38 100.00 0.00 11.53 38.8 18.4 65.6 1189 663 1565 10.4 4.0 16.7 9.7 5.9 14.4 53.1 5.6 294.0 8
Metamorphic rocks (MT) (%) 4.08 100.00 0.00 13.32 3.92 100.00 0.00 12.98 22.8 15.5 29.4 1221 490 1757 11.9 10.2 13.2 19.8 10.5 27.3 7.2 2.1 18.1 6
Acid plutonics (PA) (%) 13.57 100.00 0.00 21.95 10.08 100.00 0.00 24.26 21.0 9.8 38.5 1116 625 1961 12.2 3.4 16.8 13.0 5.9 27.3 11.2 3.4 51.3 23
Basic–ultrabasic plutonics (PB) (%) 0.94 24.20 0.00 2.79 0.73 100.00 0.00 5.90
Dune sediments (DS) (%) 0.00 0.00 0.00 0.00 0.14 100.00 0.00 3.91
Carbonate rocks, consolidated (SC) (%) 0.00 0.05 0.00 0.00 0.21 100.00 0.00 3.20
Water (WB) (%) 0.44 27.02 0.00 1.74 0.64 38.38 0.00 1.06
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Fig. 1. Position of the monitoring stations of the 381 sampled catchments used for the
analyses.
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which inﬂuence weathering rates is tested. Based on this analysis and
a standardized workﬂow (Fig. 4), a set of robust empirical prediction
models has been developed and is compared to each other to discuss
the inﬂuence of lithology and further factors (predictors) on
weathering rates on the Japanese Archipelago. In addition, the
contribution of calcium from non-silicate minerals and lithogenic/
geogenic sulfur is quantiﬁed. Based on the weathering rates per
lithological class, for the ﬁrst time the liberation of phosphorus is
estimated spatially explicit at the regional scale, by assigning average
phosphorus contents to the applied lithological classes. The derived
model is applied to the global scale to derive a ﬁrst estimate.
2. Data and methods
2.1. Overview
Data handling and analyses follow a workﬂow (Fig. 4) described in
detail by Hartmann (2009). Here, the handling of hydrochemical- and
geodata as well as the calculation of catchment properties is
described, followed by a description of the mass balance approach
used to develop an empirical model for CSRWR per lithological class.
Finally, details of themodeling approach and of the analysis technique
are presented. For GIS-related calculations, ArcGIS 9 (ESRI) was used.
Hydrochemical data of 754 sampling locations were originally
digitized from hand-written tables (Kobayashi, 1960; Harashima et al.,
2006). The sampling location number was reduced to 458, by applying
criteria for spatial andchemical reliabilityof thedata (cf.Hartmann, 2009).
Those criteria considered the potential strong local inﬂuence of
hydrothermal and (seismo-)tectonic activity on hydrochemical
composition (c.f. Galy and France-Lanord, 1999; Hartmann et al.,2005; Hartmann and Levy, 2006; Hartmann, 2006; Becker et al.,
2008). Thus, these inﬂuences have been minimized. In addition,
retention of silica has been considered and river systems with larger
lakes have been avoided where it was possible (c.f. Harashima et al.,
2006; Hartmann et al., 2010a). Because the focus is on the
weathering rates of silicate-dominated lithological classes, catch-
ments that contain more than 0.05% of mapped carbonate
sedimentary rocks (SC) were discarded. From the resulting 381
catchments with available information for dissolved silica and
major cations only three contain some minor mapped carbonate
rock occurrences with an area of less than 0.05% of the catchment.
2.2. Handling of geodata
Catchment areas of the sampling locations were calculated from
the SRTM digital elevation model (Jarvis et al., 2006) with a grid
resolution of ~100 m, as weremean elevations and slopes. Runoff data
with a spatial resolution of 0.5° (Fekete et al., 2002) were used to
calculate annual runoff from each catchment (Fig. 3a, b). A visual
plausibility analysis of the applied annual runoff data with estimated
discharge data provided by Kobayashi (1960) for approximately 150
catchments revealed no major differences.
For lithological classiﬁcation, a 1:1,000,000 scale lithological map
of Japan was applied (Hartmann, 2009). The map differentiates 12
lithological classes (Fig. 2), expanding the classiﬁcation by Dürr et al.
(2005) with the class “pyroclastic ﬂows” (PY).
Proportions of land cover classes were calculated for each
catchment using GLC2000 land cover data (Tateishi et al., 2003)
with a grid resolution of 200×200 m (Table 1, Fig. 3c). Although the
land cover data represent the year 2000, no major differences to the
time of water sampling are assumed. Urbanized areas represent only a
small proportion of the Japanese Archipelago; land cover class
proportions, speciﬁcally for forests and crop/rice have not changed
much in general with exception of regions dominated by unconsol-
idated sediments, where most human activity is concentrated. A
crosscheck with older maps presented in museums of Kansai region
conﬁrmed this. Soil data for Japan (soil pH, soil depth a.o.) with a
resolution of 0.5° was derived from SOTER data (Batjes, 2006).
Temperature data with a grid resolution of 10′ from the
International Water Management Institute (2006), corrected for
elevation and resampled to SRTM grid size, were applied to calculate
average temperature for each basin (Hartmann, 2009; Fig. 3d).
2.3. Mass balance
Due to the reported considerable proportions of non sea-salt
deposition for Ca, S and K on Japan (e.g., Seto et al., 2004; Hartmann et
al., 2008) an atmospheric correction based on sea-salt element ratios was
not applied (compare with the approaches in Roy et al., 1999; Dessert et
al., 2003; Garcia-Esteves et al., 2007). Instead, annual total atmospheric
deposition on the Japanese Archipelago was estimated applying
atmospheric deposition concentrations (Ca, Mg, Na, K, H, Cl, SO4, NO3,
andNH4) and precipitation data frommore than 150monitoring stations.
Concentration andprecipitationdatawere spatially interpolated applying
inverse-distance weighting (power 2) and average atmospheric deposi-
tion rateswere calculated for each catchment. References for applied data
are provided in Hartmann (2009). Final correction for differences
between occurred and calculated atmospheric depositionwas conducted
using Cl normalization: Because of the assumed absence of evaporites it is
suggested that Cl atmospheric deposition and Cl ﬂuxes from monitored
catchments must be equal under steady state conditions. As a large
number of catchments is analysed the assumption of a steady state seems
appropriate as “average”-condition for the catchments used in this
analysis, despite that for some individual catchments itmight not be true.
Annual major element ﬂuxes from catchments were calculated as the
product of the annual runoff and the annual average of concentrations.
Fig. 2. Lithological map of the Japanese Archipelago, 1:1,000,000 (Hartmann, 2009).
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as the difference between monitored catchment ﬂuxes and corrected
atmospheric deposition:
Fe; weathering = Fe; river− Fe; AD⁎ FCl; river = FCl; AD
  
;
with Fe, weathering being the ﬂux of an element e derived from
weathering; Fe, river the ﬂux of element e in the river; Fe, AD the ﬂux of
element e from the atmospheric deposition; FCl, river and FCl, AD the ﬂux
of chloride in the river and from the atmosphere, respectively.2.4. Modeling technique
First, models for the annual CSRWR were developed, followed by
estimationof theproportionof Ca-excess todistinguish silicate andnon-
silicate derived Ca-ﬂuxes. Multivariate non-linear regression analysis
was applied to predict CSRWR and CSRWR&S. A multi-lithological
lumped model approach served to estimate the contribution of each
lithological class to total catchment ﬂux because most catchments are
not mono-lithological (Table 1). It is emphasized to employ model
designs which are based on physical process knowledge but still are
empirical. The general idea is that CSRWR is basically a function of
concentration derived from a lithological class multiplied by the runoff,
Fig. 3. Distribution of runoff, gradient of slope, forest land cover and temperature for the basins of the Japanese Archipelago (Hartmann, 2009).
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Fig. 4. The workﬂow of the presented analyses is adapted from Hartmann (2009). DEM denotes digital elevation model and DB data base.
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a multiplication with an Arrhenius term “e(bT/T)” recognizes a
temperature dependence from the ﬂux derived from a lithological
class “b0*qbq”. b0 is a base concentration andqbq represents runoffwhile
bq corrects for certain runoff effects. The “bT” in the Arrhenius term
represents the activation energy Ea divided by the gas constant R, bT=
−Ea/R. An effect implied by changes in the ratios of surface to
groundwater ﬂow due to differences in gradient of slope will be
represented by a term sbs, where s is the slope in “°” (degrees) and bs the
parameter to be estimated. Thus this slope-term allows to estimate to
what degree gradient of slope inﬂuences the basic concentration derived
fromweathering represented by the product of concentration and runoff.
Three basic designs of prediction equations were tested, consid-
ering both exponential and linear inﬂuence of runoff on CSRWR:
CSRWR = b0

L1s
bs1qbq1ebT1 1=T + L2s
bs2qbq2ebT2 1=T + …
+ Ljs
bsjqbqjebTj 1=T
 ð1aÞ
CSRWR = b0

L1s
bs1qbq1e
bT1 1=T + L2s
bs2qbq2e
bT2 1=T + …
+ Ljs
bsjqbqje
bTj 1=T
 ð1bÞ
CSRWR = b0

L1s
bs1 + L2s
bs2 + … + Ljs
bsj

qbq ð2aÞ
CSRWR = b0

L1s
bs1 + L2s
bs2 + … + Ljs
bsj

q ð2bÞ
CSRWR =

b1L1 + b2L2 + … + bjLj

qbqsbs ð3aÞ
CSRWR =

b1L1 + b2L2 + … + bjLj

qsbs: ð3bÞ
CSRWR represents the calculated speciﬁc ﬂux of major cations and
dissolved silica (and sulphur in case of CSRWR&S) in t km−2a−1, Lj
the proportion of each lithological class j in a catchment; s represents
the average gradient of slope in degrees; T describes average surface
temperature in Kelvin and q is the average runoff inmm a−1. ‘bqj’, ‘bsj’,
‘bTj’ are parameters estimated by nonlinear-regression analysis using
the Levenberg–Marquardt estimation technique, implemented in thestatistical software package Statistica 8.0 (Statsoft). The letter ‘j’ in the
descriptions of the b-parameters, which are estimated, represents the
lithological class j, while ‘q’ indicates a runoff-parameter, ‘s’ a slope-
parameter and ‘T’ a temperature-parameter. Equations labeled with “a”
describe a non-linear relation between CSRWR and runoff, and
equations labeled with “b” represent a linear relation. A linear runoff
model consideringannual runoff and lithologywould thus bewritten as:
CSRWR = ðL1qbq1 + L2qbq2 + … + LjqbqjÞ:
Variations of Eqs. (1a)–(3b) were also tested, including, excluding
or substituting individual parameters. Additionally, applicability of
land cover proportions and soil properties as predictors was tested
using either linear or exponential terms.
The applied equations incorporate all lithological classes from
Table 1, except dune sands, carbonate sedimentary rocks and basic
plutonic rocks, whose areal proportion of training catchments is small
on average (0.0%, 0.0% and 0.94%, respectively). These lithological
classes do not exceed 30% of the area of any catchment. Note that
some smaller catchments are embedded in larger catchments.
Because of the heterogeneity of Japanese catchment properties,
these catchments are assumed to be statistically independent from
each other. A comparison of hydrochemical ﬂuxes and catchment
properties supports the validity of this assumption (Hartmann, 2009).
2.5. Calculation of Ca-excess ﬂuxes
To distinguish the Ca-ﬂuxes from silicate and non-silicate
weathering, requires knowledge of the proportion of Ca ﬂuxes
derived from carbonates and other non-silicate calcic minerals
(Oliva et al., 2004). Literature suggests that carbonate content locally
contributes substantially to weathering ﬂuxes from lithological
classes SS and SM due to marine carbonate abundance, e.g. as matrix
carbonate (c.f. Takai et al., 1963; Hartmann, 2009). In case of PA, VA
and MT (trace) calcite or apatite may contribute considerably to Ca-
ﬂuxes from chemical weathering (White et al., 1999; Jacobson et al.,
2003; Nakajima and Terakado, 2003; Oliva et al., 2004). No reports
have been identiﬁed that assess trace calcite contribution to Ca-ﬂuxes
for Japanese volcanic regions based on ﬁeld analysis. No relevant
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unconsolidated sediments of the classes AD and SU in Japan, as their
source material generally originates from terrestrial, upstream
regions. The previous weathering and transport cycle is thus assumed
here to result in insigniﬁcant carbonate content from upstream source
rocks of AD and SU due to the wet Japanese climate.
To calculate the contribution of non-silicate calcicminerals, the Caﬂux
above the expected Ca ﬂuxes from silicateweathering (Ca-excess) is used
as a ﬁrst estimate. For identiﬁcation of Ca-excess, calculated Ca/Na molar
ratios are widely used (c.f. Gaillardet et al., 1999; Jacobson et al., 2003).
This requires knowledge of characteristic Ca/Na molar ratios released
from individual silicate minerals. Here, it has been assumed that the
release ratio is equivalent to the Ca/Na concentration ratio of silicates, as a
ﬁrst estimate. Mg has not been considered, because no studies were
identiﬁed that report abundance of dolomite in non-carbonate sedimen-
tary rocks of the applied catchments (but such abundance may exist).
Because no representative geochemical rock database for the
Japanese Archipelago was available for this study, average Ca/Na
molar ratios of silicates for each lithological class were calculated
using reviews on the geochemical composition of rocks (Wedepohl,
1969; Le Maitre, 1976, and others presented in the appendix). It is
assumed that each lithological class resembles a characteristic com-
position of rock types, described in referenced reviews (Appendix A).
Based on resulting silicate Ca/Na ratios, Ca-excess attributed to non-
silicate calcic mineral-weathering was calculated. Note that the Ca/Na
molar ratios have been reﬁned if compared to Hartmann (2009) due
to recalculation. For simpliﬁcation, Ca-excess has been deﬁned here
as the amount of Ca from non-silicate calcic minerals, exceeding Ca
released from silicates according to the applied Ca/Na elemental ratio
abundant in rocks for each lithological class.
Ca-excess ﬂux is here attributed to the lithological classes MT, PA,
VA, SS and SM only. Note that catchments with notable proportions of
mapped carbonate sedimentary rocks (SC) are excluded from the
analysis. The Ca-excess ﬂux FCaWex, i, j for eachmonitored catchment i
and lithological class j is consequently calculated by:
FCaWex; i; j = FCaWi; j−FCaWSi; i; j: ð4Þ
With FCaWi, j being the total calculated Ca-ﬂux from weathering
processes in the river and FCaWSi, i, j the Caﬂux fromsilicateweathering.
Note, only positive FCaWex, i, j-values were used for further analysis.
Only a few negative values were calculated and were set to zero. The
number of negative values out of 381 for the relevant classes is as
follows: acid plutonics: 7 (1.8%), metamorphics: 0 (0%), siliciclastic
sediments: 10 (2.6%), mixed sediments: 0 (0%) and acid volcanics: 0
(0%). The approach seems to be thus applicable for a ﬁrst estimate.
The calcium ﬂux for each lithological class j per catchment i
(FCaWi, j) was calculated by applying an equation that ﬁts well for Ca-
ﬂuxes, times a correction factor:
FCaWi; j = bj⁎s
bsj
i ⁎q
bqj
i ⁎ FCaWca; i = FCaWpr; i
 
: ð5Þ
With si denoting the average gradient of slope of catchment i and
qi denoting runoff for each catchment i. bsj, bqj are estimated
parameters for lithological classes j. FCaWca, i is the calculated speciﬁc
weathering derived calcium ﬂux from each catchment i (based on the
monitoring data), and FCaWpr, i the predicted ﬂux for each catchment
i for all recognized lithological classes applying the model outlined
in Eq. (5) without the correction term. The b-estimates have been
calculated using Eq. (1a) without the temperature term. Note that the
correction factor (FCaWca, i/FCaWpr, i) reduces the average residual
error per catchment due to inﬂuences of factors not included in theequation of prediction. The model correlation coefﬁcient (predicted
versus modeled ﬂuxes) is r=0.75. Because it is attempted to calculate
the areal weighted mean ﬂux FCaWj per lithological class j for all
catchments i this method is assumed to provide a reasonable
statistical mean value for the regional scale. The predicted total Ca-
ﬂux for all monitored catchments is about 1.7% larger than the
calculated total ﬂux. The areaweightedmean value of FCaWi, j for each
considered lithological class (PA, MT, VA, SS and SM) is a hypothetical
maximal estimate of Ca-ﬂux from non-silicate calcic minerals.
The Ca/Na molar ratio of silicates per lithological class was applied
to provide an estimate of the Ca-excess ﬂux. For this purpose, it has
been assumed here that the release fraction of Ca and Na from silicates
equals the Ca/Na molar ratio in silicates and that Ca-excess represents
contribution from non-silicate minerals.
TheCaﬂux fromsilicateweathering (FCaWSi, i, j) cannowbecalculated
for each lithological class j and catchment i by:
FCaWSi; i; j = FNaWSi; i; j⁎RLi Ca=Nað Þj: ð6Þ
FNaWSi, i, j is the speciﬁc Na equivalent ﬂuxes from rock weathering.
RLi(Ca/Na)j represents the mean Ca/Na ratio of silicates in each
lithological class j (Appendix A).
The Na-ﬂux FNaWSi, i, j is calculated by the equation:
FNaWSi; i; j = bj⁎s
bsj
i ⁎q
bqj
i ⁎ðFNaWca; i = FNaWpr; iÞ: ð7Þ
With si representing average gradient of slope and qi runoff. bsj, bqj
are the estimated parameters following the same procedures as for
Eq. (5). The model correlation coefﬁcient is r=0.71. The total
predicted Na-ﬂux from this method is about 5.7% larger than the
calculated total Na-ﬂux.
2.6. Application of the derived models to the Japanese Archipelago
The models using lithology and runoff as predictors were applied
spatially explicit to predict the CSRWR of the Japanese Archipelago for
each considered lithological class (c.f. Hartmann, 2009). For this, the
runoff-model prediction equations with calculated b-estimates
(Table 2) were applied using the runoff data and lithological inform-
ation on a 100 m grid size. The vector-lithological map was resampled
to this grid-size to allow for the spatially-explicit application and each
grid holds information of one lithological class. Small islands south of
Yakushima are not considered. For PB the function of VB was applied
and the function of SU for DS.
3. Results and discussion
3.1. Overview
Monitored catchments, used to calibrate themodels, cover an areal
proportion of 44.4% (164,467 km2) of the Japanese Archipelago
(excluding the smaller Islands south of Yakushima). Forests and
cropland/rice (76.6% and 22.6%, respectively) dominate land cover
properties of monitored catchments. Catchments are rather steep
compared with other world regions where similar empirical
approaches have been applied (c.f. with North America: Jansen
et al., 2010) and the catchment average runoff is about four times the
global average (1186 mm a−1 versus 299 mm a−1; Fekete et al.,
2002). Runoff, temperature, gradient of slope and proportions of
lithological classes are similar in monitored and unmonitored regions
of Japan with exception of the lithological class alluvial deposits,
which is more abundant in the non-covered regions (AD; Table 1).
Atmospheric cation deposition amounts on average to 29.1% of the
average total observed cation equivalent ﬂuxes of all monitored
catchments, while the atmospheric deposition of dissolved silica is of
minor importance (Hartmann, 2009). Average chemical weathering
Table 2
Correlations between CSRWR, element concentrations, and some potential factors inﬂuencing CSRWR. The Spearman rank correlation coefﬁcient has been applied because not all
parameters are normally distributed. In bold, signiﬁcant (pb0.05) correlation coefﬁcients are given.
CSRWR element
concentrations
(mg l−1)
CSRWR
(t km−2 a−1)
Runoff mean
(mm a−1)
Gradient
of slope
(°)
Temperature
(°C)
Forest
proportion
(%)
Speciﬁc SPM ﬂux
(t km−2 a−1)
pH Soil pH between
0 and 20 cm
depth
CSRWR element concentrations (mg l−1) 1.00
CSRWR (t km−2 a−1) 0.55 1.00
Runoff mean (mm a−1) 0.07 0.66 1.00
Gradient of slope (°) −0.27 0.04 0.39 1.00
Temperature (°C) 0.16 0.23 0.26 −0.24 1.00
Forest proportion (%) −0.14 0.00 0.28 0.51 0.01 1.00
Speciﬁc SPM ﬂux (t km−2 a−1) 0.22 0.34 0.26 −0.24 0.06 −0.22 1.00
pH 0.13 0.19 −0.05 0.13 0.18 0.08 −0.18 1.00
Soil pH between 0 and 20 cm depth 0.17 0.27 0.18 0.15 0.05 0.10 −0.01 0.08 1.00
Runoff b1000 mm a−1
CSRWR element concentrations (mg l−1) 1.00
CSRWR (t km−2 a−1) 0.58 1.00
Runoff mean (mm a−1) −0.17 0.26 1.00
Gradient of slope (°) −0.24 −0.17 0.23 1.00
Temperature (°C) 0.08 −0.06 0.05 −0.24 1.00
Forest proportion (%) −0.15 −0.29 0.09 0.41 −0.11 1.00
Speciﬁc SPM ﬂux (t km−2 a−1) 0.20 0.24 0.04 −0.38 −0.13 −0.26 1.00
pH 0.14 0.27 0.02 0.12 0.26 0.03 −0.30 1.00
Soil pH between 0 and 20 cm depth 0.12 0.10 −0.09 0.09 −0.27 −0.02 0.01 0.12 1.00
Runoff N1000 mm a−1
CSRWR element concentrations (mg l−1) 1.00
CSRWR (t km−2 a−1) 0.65 1.00
Runoff mean (mm a−1) 0.10 0.55 1.00
Gradient of slope (°) −0.34 −0.13 0.37 1.00
Temperature (°C) 0.23 0.29 0.07 −0.40 1.00
Forest proportion (%) −0.18 −0.01 0.32 0.55 −0.01 1.00
Speciﬁc SPM ﬂux (t km−2 a−1) 0.23 0.28 0.12 −0.30 0.07 −0.30 1.00
pH 0.15 0.30 0.08 0.21 0.20 0.15 −0.07 1.00
Soil pH between 0 and 20 cm depth 0.18 0.27 0.20 0.14 0.17 0.11 −0.09 0.10 1.00
133J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157rates of silicate-dominated lithological classes are 24.6 tkm−2a−1 in
the monitored catchments (calculated) and about 24.9 tkm−2a−1 in
the Japanese Archipelago (modeled).3.2. Calculated CSRWR based on the monitoring data
The spatial distribution of CSRWR shows a large variability, reﬂecting
some spatial correlations with the potential predictors lithology, runoff,
temperature, slope, land cover and suspendedmatterﬂux (compare Fig. 3
with Figs. 2 and 5, Tables 1 and 2 with Appendix B). Substantial
differences in average CSRWR between lithological classes (Table 1) can
be observed if catchments with one dominating lithological class (areal
proportionN0.6) are used as representatives for the considered litholog-
ical class. Catchments dominated by basic and intermediate volcanics
(VB) or pyroclastics (PY) are characterized by medium to high speciﬁc
CSRWRs. However, themultilithologicalmodels presented below suggest
a ‘contamination’ of the considered lithological class by other lithological
classes occurring in the selected catchments when selecting catchments
by ‘dominance of one lithological class’ for calculation of CSRWR.
CSRWR and chemical cation weathering rate (CCWR) of rocks
dominated by silicate minerals show a high correlation (Fig. 6a).
Catchments containing a signiﬁcant amount of the lithological classes
VB and PY show a considerably higher CSRWR than CCWR, on average,
becauseof the increased release rateof silica fromthese lithological classes
(c.f. Hartmann et al., 2010a). The possible bias for observed CSRWRdue to
retention of silica has beenminimized by selecting catchmentswith no or
only minor lake proportion. Transfer of dissolved silica to biogenic silica
due to photosynthesis of organisms like diatoms in the rivers should be
small as the average river length is short. No seasonal cycle of dissolved
silica uptake by organisms could be observed, which is typical for some
larger rivers in other regions. This is partly attributed to the absence of theregular annual binary runoff seasonality (e.g. winter high, summer low)
(Admiraal et al., 1990; Vansteveninck et al., 1992; Hartmann et al., 2011).3.3. Correlations of CSRWR
A general decrease in weathering rates with increasing latitude
can be observed (Fig. 6b), that correlates with parallel decreasing
trends of dissolved total silica and cation concentrations, as well as
runoff and temperature (Appendix B). Gradient of slope does not
show such a clear trend, but its variability range decreases with
increasing latitude (Appendix B).
Signiﬁcant positive correlations (pb0.05) between CSRWR and
runoff, temperature and speciﬁc suspended matter ﬂux can be observed
(Table 2). The positive correlation with runoff is in part attributed to its
application for the calculation of CSRWR. Distinguishing different runoff
subsets (e.g. N1000 and b1000 mm runoff a−1) reveals different
correlations between concentrations or CSRWRand potential controlling
factors like gradient of slope, temperature, forest proportion or
suspended matter ﬂux (as an incomplete representative of physical
erosion).Despite no signiﬁcant correlationbetweengradient of slope and
CSRWR identiﬁed in the total data set, signiﬁcant correlations between
both are identiﬁed if the data set is split into high and low runoff subsets
(Tables 1 and 2, Appendix B). Thismay suggest different inﬂuence of this
factor onweathering processes for certain runoff conditions. Catchments
in the high runoff subset predominantly are facing the Japan Sea or are
situated in the South, facing the Paciﬁc (c.f. Hartmann, 2009).
No clear correlation between CSRWR and land cover (here: forest
and not forest) can be observed for the total data set. An observed
increasing range of CSRWR with increasing forest areal proportion
(Appendix B) is biased by an increase of the range of runoff for forest
(Appendix B) (c.f. bicarbonate ﬂuxes in Hartmann, 2009).
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135J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157If lithological classes were not considered, correlation analyses
between possible predictors and the total concentration of dissolved
silica and cations suggest temperature and gradient of slope as
predictors for CSRWR, besides runoff (Table 2). Gradient of slope
inﬂuences hydrological pathways of water and thus the mixing
between surface near waters and groundwater. However, it is
important to note the correlations between those three potential
predictors (Fig. 7, Table 2).0 10 20 30 40 50 60 70 80
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136 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157correlates inversely with forest proportion and gradient of slope, but
positively with temperature, SPM-ﬂux and crop/rice areal proportion
(which expectedly is inversely correlated with forest proportion and
positively with the lithological class AD).
3.4. Predicted CSRWR by the applied models
3.4.1. Overall interpretation for the monitored catchments
The lithological heterogeneity of the Japanese Archipelago
prevents isolation of a sufﬁcient number of mono-lithologicalcatchments for a mono-lithological study. Thus, a multi-lithological
model design considering interpretative functional relations be-
tween CSRWR and some previously identiﬁed major controlling
factors (i.e. lithology, runoff, gradient of slope and temperature)
was developed (Table 3).
The model design including the predictors lithology, runoff,
gradient of slope and temperature (Eqs. (1a) and (1b)) provides the
best interpretative results and is thus discussed here in detail. A
summary of models with plausible b-estimates is provided (Table 3)
and all presented prediction models are signiﬁcant (pb0.0001). Other
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137J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157models with smaller prediction quality (correlation between pre-
dicted and calculated values) or a large number of b-estimates with
implausible value-range are not shown.
All presented models with b-estimates allowing interpretation of
associated physical processes result in a CSRWR less than 5% different
from the total calculated ﬂuxes from themonitored catchments. These
are good values compared to the variability of data and results from
previous approaches which model CSRWR for certain lithological
classes (c.f., Dessert et al., 2003; Oliva et al., 2003; West et al., 2005).The dominant predictors for calculated chemical weathering rates
on the Japanese Archipelago are the combined factors lithology and
runoff. Different characteristics within a lithological class (e.g.,
petrology, geochemical composition or available surface area for
reaction) or processes, which are not implemented in the model
approach, or represented due to resolution issues and quality of the
geodata, contribute to the observed residuals.
The b-estimates for runoff, temperature and gradient of slope vary
substantially between lithological classes, underlining different
effects of the three factors on weathering rates for each class. In
case of the runoff-temperature- and runoff-slope-models some b-
estimates are insigniﬁcant for some lithological classes. Therefore two
versions of these models are presented in Table 3: a) including all b-
estimates of gradient of slope and temperature and b) excluding
insigniﬁcant b-estimates. The average CSRWR per lithological class
presented in Table 4 does not change substantially between both
versions of the runoff-slope-model.
Considering gradient of slope and/or temperature as predictors in
addition to runoff and lithology, does not substantially improve the
prediction quality of the tested models. Application of additional
predictors, like soil pH, land cover or suspended matter ﬂux even
decreased prediction quality compared to the two lithology-runoff-
models (linear and non-linear).
Note that considering an alternative Arrhenius-term for temper-
ature (c.f. discussion and results in West et al., 2005)
exp 1 = average temperature Japan−1= temperature catchmentð Þ⁎bTð Þ
does not improve the prediction quality compared to the original
Arrhenius temperature implementation in Eq. (1a).
Only the b-estimates of the predictor runoff are signiﬁcant for
every lithological class and all presentedmodels, except for one single
b-estimate and one model-type (Table 3). This underlines the
importance of lithology and runoff for robust regional scale prediction
of annual chemical weathering rates. No meaningful difference
between the application of a non-linear runoff-term and a linear
runoff-term is observed for predicted average CSRWRs per lithological
class of both applied runoff-models (Tables 3 and 4 and Fig. 8).
Temperature and gradient of slope correlate with CSRWR and/or
concentrations of considered elements for certain lithological classes.
However, after integrating these factors into a prediction equation
some b-estimates become insigniﬁcant (pb0.05), but can still be
interpreted (see discussion below). As the predictors runoff and
lithology include information of these factors through correlations,
some amount of variation of observed ﬂuxes attributed to the non-
included potential predictors is already explained by the included two
predictors, because of the statistical approach.
Catchment properties of the applied data set cover a representa-
tive predictor-value range for the typical characteristics of the
Japanese Archipelago. Regions characterized by high tectonic activity
or areas with high proportion of volcanics are well represented in the
data set (e.g., catchments in the vicinity of the Median Tectonic Line—
the boundary between the Eurasian and the Philippine tectonic
plates). Thus catchments from areas are included in the calibration
data sets that are assumed to represent high CSRWR at the global scale
(c.f. results in: Louvat and Allegre, 1997; Gaillardet et al., 1999; Rad et
al., 2006). Catchments with high CSRWR are needed to identify robust
prediction models for global extrapolation. Deﬁnition and application
of lithological classes inﬂuence the prediction of local chemical
weathering rates strongly. For example, the introduction of the
lithological class pyroclastic ﬂows (PY) allowed identifying notable
differences to the other two volcanic classes (Table 4, Fig. 9).
Results suggest that the multi-lithological approach is suitable to
derive global weathering prediction functions as the global litholog-
ical classiﬁcation scheme after Dürr et al. (2005) was applied.
However, due to large differences in geological settings at the global
Table 3
Model results: b-estimates, p-value of b-estimates and correlation coefﬁcients between modeled and calculated CSRWRs. Signiﬁcant b-estimates are marked by coloured background for better visibility.
b-parameter p-level b-parameter p-level b-parameter p-level b-parameter p-level b-parameter p-level b-parameter p-level b-parameter p-level b-parameter p-level
b0 0.016282 0.0067 0.02245 0.0049 0.02364 0.0068
Alluvial Deposits (AD) Runoff 0.031051 0.0000 1.094861 0.0000 1.02292 0.0000 1.02983 0.0000 1.55 0.0000 1.54 0.0000 1.86 0.0000 0.032903 0.0000
Temperature -2086.37 0.0000 -2069.32 0.0000 -2652.31 0.0001
Slope -0.06611 0.4716 -0.22 0.0855
Sediments, Semi- to 
Unconsolidated (SU)
Runoff 0.014848 0.0000 0.988358 0.0000 0.95814 0.0000 0.96447 0.0000 1.78 0.0001 1.84 0.0001 1.90 0.0001 0.017744 0.0000
Temperature -2834.48 0.0036 -2970.36 0.0036 -2961.87 0.0018
Slope -0.0356 0.9185 -0.16 0.7211
Mixed Sedimentary 
Rocks (SM)
Runoff 0.030050 0.0000 1.087839 0.0000 1.05421 0.0000 0.83638 0.0026 1.27 0.0000 1.25 0.0000 1.03 0.0013 0.031190 0.0000
Temperature -1545.23 0.0031 -1507.69 0.0039 -1693.29 0.0005
Slope 0.5349 0.4404 0.83 0.3071
Siliciclastic Sedimentary
Rocks (SS)
Runoff 0.016492 0.0000 1.000694 0.0000 1.16352 0.0000 1.15987 0.0000 1.05 0.0000 1.04 0.0000 1.10 0.0000 0.017101 0.0000
Temperature -1287.62 0.0000 -1264.15 0.0000 -1022.99 0.0004
Slope -0.53102 0.0043 -0.53804 0.0049 -0.46 0.0260
Basic and Intermediate
Volcanic Rocks (VB)
Runoff 0.027466 0.0000 1.067355 0.0000 1.53271 0.0000 1.50618 0.0000 0.51 0.0000 0.46 0.0001 0.91 0.0000 0.029621 0.0000
Temperature 100.49 0.6591 -80.99 0.7295
Slope -1.41861 0.0000 -1.35586 0.0000 -1.01 0.0000
Acid Volcanics  Rocks (VA) Runoff 0.015898 0.0000 0.998616 0.0000 1.20843 0.0000 1.19820 0.0000 1.41 0.0000 1.41 0.0000 1.06 0.0000 0.021966 0.0000
Temperature -2071.33 0.0000 -2059.13 0.0000 -621.78 0.2841
Slope -0.70173 0.0340 -0.68832 0.0383 -0.88 0.0796
Pyroclastic Flows (PY) Runoff 0.045170 0.0000 1.144966 0.0000 1.07364 0.0000 1.12518 0.0000 1.53 0.0000 1.54 0.0000 1.40 0.0000 0.050342 0.0000
Temperature -1976.49 0.0000 -2001.56 0.0000 -1817.37 0.0002
Slope -0.1893 0.2958 0.10 0.6171
Metamorphic Rocks (MT) Runoff 0.017079 0.0000 1.005987 0.0000 1.23655 0.0000 1.21659 0.0000 0.44 0.0000 0.50 0.1955 0.53 0.1659 0.017839 0.0000
Temperature -123.03 0.8761 -44.38 0.9499
Slope -0.64900 0.0121 -0.62007 0.0237 -0.16 0.6963
Acid Plutonics (PA) Runoff 0.014868 0.0000 0.987252 0.0000 0.95070 0.0000 0.97675 0.0000 0.42 0.0000 0.71 0.0382 0.79 0.0340 0.013769 0.0000
Temperature -596.27 0.39 -769.08 0.25
Slope -0.09 0.74 0.05 0.86
r r2 r r2 r r2 r r2 r r2 r r2 r r2 r r2
Correlation Coefficient Predicted-
Observed r2 and r
p-level
0.79 0.62 0.79 0.62 0.83 0.69 0.83 0.69 0.82 0.67 0.82 0.68 0.84 0.71 0.73 0.53
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Linear Runoff-
Modell (CSRWR
plus S)
Linear Runoff-
Modell     
Non-linear Runoff-
Slope Model (non-
significant b-
estimates removed)
Non-linear Runoff-
Temperature Model
(non-significant b-
estimates removed) 
Non-linear Runoff 
Model
Non-linear Runoff-
Slope Model (b-
estimates for all 
classes) 
Non-linear Runoff-
Temperature Model
(b-estimates for all
classes) 
Non-linear Runoff-
Slope-Temperature
Model 
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139J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157scale and because of the different weathering history, probably
regional models need to be developed rather than one single global
chemical weathering prediction equation per lithological class. This
might be overcome in case additional information (represented by
geodata of appropriate resolution) like weathering history (c.f.
discussion in Boeglin and Probst, 1998), enhanced soil information
(other than used here) or land cover could be identiﬁed as useful
predictors. Implementing enhanced soil information in regional scale
models will likely improve the understanding of matter sources and
ﬂuxes within a considered region (c.f. Godderis et al., 2009). However,
presented results and referenced literature show that there remains a
large gap between the qualitative understanding of relevant processes
and the quantiﬁcation of CSRWR at the regional to global scale. The
availability and quality of appropriate representative geodata remains
one of the major problems causing that some proposed factors cannot
be correlated well with observed matter ﬂuxes from chemical
weathering and their hypothesized importance cannot be validated
properly. For example, a number of studies proposed that physical
erosion rates should, in principal, be correlated with chemical
weathering rates (Stallard, 1995; Gaillardet et al., 1999; Millot et al.,
2002; West et al., 2005), while a study from the Amazon catchment
(Mortatti and Probst, 2003) suggests that it is also important to
distinguish certain local/regional conditions for the analysis of this
correlation (e.g. shield regions versus mountainous regions). How-
ever, the large variability of physical matter transport complicates the
quantiﬁcation of physical erosion rates (Meybeck et al., 2003).
According to the Spearman-rank-correlation coefﬁcient (Table 2),
SPM-ﬂuxes from monitored catchments correlate positively with
CSRWRs, but a scatter plot of both does not imply a clear relationship
(Fig. 6). Undocumented local sinks of physically erodedmatter within
a catchment may mask the relationship between physical and
chemical erosion. Thus, physical erosion could not be identiﬁed here
as a reliable predictor of CSRWR. The isolation of the contribution to
CSRWR of each considered factor remains challenging. This challenge
is even increased by uncertainties in the mass balance approach, used
to isolate the weathering derived river element ﬂuxes from the total
ﬂuxes. Uncertainty is particularly high for the lithological classes SM
and MT, which represent only a small area of the training catchments
(see below).
3.4.2. Average CSRWR predictions per lithological class
Chemical weathering rates per lithological class according to the
linear runoff model can be grouped into three categories, a) PY, b) AD,
SM, VB and c) SU, SS, MT, PA, VA (Fig. 9).
For the interpretation of the high CSRWR of the classes AD and SM,
the correlation of AD to areas of intensive agriculture (e.g. rice ﬁelds
and crops) must be kept in mind, whereas SMmay holds considerable
amounts of carbonate. Including the predictors gradient of slope and
temperature in the prediction equations changes the average CSRWR
per lithological class, compared to the results of the two runoff-
models (Table 4). Lithological classes with non-signiﬁcant tempera-
ture or slope b-estimates show the largest deviations. However, for
typical values of gradient of slope (average per lithological class) and
average temperature of all catchments (11 °C), the general CSRWR
pattern remains constant (Fig. 9b). Only in case of AD, relevant
differences can be observed for runoff values above 1200 mm a−1,
while for low runoff values, CSRWRs of the classes AD and SU are
considerably lower for the runoff-slope-temperature model.
3.4.3. Physical interpretation of the b-estimates of the models
Analysis of the b-estimates increases understanding of the factors
controlling CSRWR. Dominance of runoff and lithology for CSRWR
prediction becomes evident by comparing the relative inﬂuence of b-
estimates of presented models (Table 3).
Because weathering/dissolution rates of minerals approach a
constant rate for a certain undersaturation, speciﬁcally for high runoffconditions, the non-linear-runoff model b-estimates are expected to
be below 1, representing a decreasing concentration with increasing
runoff (Lasaga et al., 1994; Morse et al., 2007). However, most values
are above or close to 1, indicating a more linear behavior of CSRWR in
dependence from runoff and thus only small changes in concentra-
tions with increasing runoff (Fig. 6c and d). The comparison of the
overall CSRWR with runoff suggests the existence of two different
“populations” (Fig. 6c), in which CSRWR increases either exponen-
tially (dominated by catchments with a signiﬁcant proportion of
volcanics) or linearly. This bimodality is to somepart reﬂected in the b-
estimates of the runoff-model. Both observations are at the ﬁrst glance
not in accordancewith ﬁndings from other sites, in case only lithology
and runoff are compared (Lasaga et al., 1994; Bluth and Kump, 1994).
However, further factors control CSRWR. Most b-estimates of the
presentedmodels includingmore predictors than runoff and lithology
can be interpreted regarding physical processes. Table 6 provides
typical values of the temperature as well as the gradient of slope-term,
which allow analysing their respective impact on CSRWR if the term
value was changed. Note that if the b-estimate for temperature was
divided by the gas constant−1*R (8.314472 Jmol−1K−1) it would be
equivalent to the widely applied activation energy and could be
interpreted in this way.
The gradient of slope constitutes an important factor for the
hydrochemical evolution of streams and rivers because it controls the
mixing of surface water, soil solutions and groundwater (Sidle et al.,
2000; Asano et al., 2003, 2004; Uchida et al., 2005; Subagyono et al.,
2005). In general the ratio of surface to subsurface runoff increases
with increasing gradient of slope, which affects stream water
concentrations, because concentrations in groundwater are in general
elevated (Hoeg et al., 2000; Scanlon et al., 2000; Hornberger et al.,
2001; Scanlon et al., 2001; Uhlenbrook and Hoeg, 2003). Thus, b-
estimates causing a decrease in CSRWR with increasing gradient of
slope emphasize the importance of slope for the Japanese settings.
However, this might not be true in case the decomposition of plant
litter at the surface releases signiﬁcant amounts of solutes (Fraysse et
al., 2010) and the considered catchment systems are not in a steady
state on average. For the physical interpretation of the b-estimates a
steady state is assumed for the total data set, while acknowledging its
potential absence in individual catchments.
Temperature is an important factor controlling weathering rates in
laboratory experiments under saturated conditions. However, under
natural conditions this may not be true for the total available reaction
volume of a catchment. In addition, hydrological pathways inﬂuence
contact time with minerals as well as the ratio of water volume being
in contact with the different saturated and unsaturated reservoirs of a
ground compartment (surface, soil or rock). These considerations
imply that it is not trivial to compare activation energies derived from
laboratory experiments with those identiﬁed in the ﬁeld, e.g. by
applying an empirical approach as conducted here. In literature, the
Arrhenius term (or modiﬁcations) is often applied to describe the
dependence of speciﬁc mineral weathering rates per mineral surface
area from temperature, or even for local to regional weathering rates
per land surface area (Lasaga et al., 1994; White and Blum, 1995;
White and Brantley, 1995; Dessert et al., 2003; Lasaga and Luttge,
2004; West et al., 2005; Navarre-Sitchler and Brantley, 2007).
However, consideration of other factors that might correlate with
temperature (e.g., the ratios surface to groundwater runoff) in the
applied raw data of those regional scale studies weakens the clarity of
the identiﬁed temperature inﬂuence in most cases. Thus, identiﬁed
empirically signiﬁcant results from ﬁeld studies should be re-
questioned and it remains an important task to quantify the
temperature effect on ﬁeld weathering rates for the total rock/soil-
volume affected by chemical weathering.
Considering these ﬁndings, the here derived b-estimate-values
(Table 2) suggest a positive relation between temperature and CSRWR
for most lithological classes, whereas the relation between gradient
Table 4
Mean values of CSRWR per lithological class, ratios of estimated/observed CSRWR to CSRWR from the linear runoff-model, P-release by chemical weathering and proportions of lithological classes on monitored catchment areas as well as the
Japanese Archipelago.
CSRWR for different models Alluvial
deposits (AD)
t km−2 a−1
Sediments, semi
to unconsolidated
(SU)
t km−2 a−1
Mixed
sedimentary
rocks (SM)
t km−2 a−1
Siliciclastic
sedimentary
rocks (SS)
t km−2 a−1
Basic and
intermediate
volcanic rocks (VB)
t km−2 a−1
Acid volcanic
rocks (VA)
t km−2 a−1
Pyroclastic
ﬂows (PY)
t km−2 a−1
Metamorphic
rocks (MT)
t km−2 a−1
Acid
plutonics
(PA)
t km−2 a−1
Mean speciﬁc
CSRWR (area
weighted)
t km−2 a−1
% of
observed
mean CSRWR
Basic
plutonics
(PB)
Dune
sands
(DS)
Monitored
catchments
Catchments dominated
by one lithological class
(areal proportion N 60%)
22.00 31.60 17.30 25.80 33.00 34.70 38.80 22.80 21.00 24.55a
Models applied to monitored catchments
Non-linear runoff
approach
Runoff model 31.02 15.71 31.71 22.53 28.01 18.79 50.29 23.32 17.02 25.55 104
Runoff-slope model 25.94 17.53 34.50 23.80 30.31 18.13 41.88 27.54 18.11 25.33 103
Runoff-slope-model
(all b-estimates)
24.63 17.64 32.00 23.95 30.87 18.39 40.57 27.20 18.28 25.14 102
Runoff-temperature
model
28.45 11.00 29.52 21.45 34.24 14.74 44.01 24.03 18.52 24.91 101
Runoff-slope-temperature
model
20.96 10.98 28.84 22.93 35.41 19.72 39.89 25.43 18.78 24.56 100
Linear runoff
approach
Runoff model 30.60 15.55 31.54 22.71 29.41 18.53 50.11 23.42 17.01 25.75 105
Runoff model CSRWR plus
lithogenic S
32.42 18.58 32.74 23.54 31.72 25.60 55.84 24.46 15.75 28.14b 105b
Runoff models applied on the Japanese Archipelago
Non-linear runoff model 30.76 15.31 31.58 22.46 28.12 18.52 46.27 21.33 16.36 24.79 101 27.21 16.07
Linear runoff model 30.28 15.15 31.36 22.64 29.49 18.26 46.40 21.43 16.35 24.92 102 28.56 15.90
Linear runoff model
(all parameters set to
the lower 5% conﬁdence
interval)
25.81 11.16 23.16 20.45 26.21 13.99 41.68 14.83 12.81 20.98 85 25.38 11.72
Linear runoff model
(all parameters set to
the upper 95%
conﬁdence interval)
34.75 19.13 39.56 24.82 32.77 22.53 51.13 28.03 19.89 28.86 118 31.73 20.08
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Flux ratios: “named model”/“linear runoff model derived from monitored catchments”
% % % % % % % % % %
Models applied to monitored catchments
Non-linear runoff
approach
Runoff model 101 101 101 99 95 101 100 100 100 99
Runoff-slope model 85 113 109 105 103 98 84 118 107 98
Runoff-slope-model
(all b-estimates)
81 113 101 105 105 99 81 116 108 98
Runoff-temperature
model
93 71 94 94 116 80 88 103 109 97
Runoff-slope-
temperature model
69 71 91 101 120 106 80 109 110 95
Linear runoff
approach
Runoff model CSRWR
plus lithogenic S
106 120 104 104 108 138 111 104 93 109b
Runoff models applied on the Japanese Archipelago
Non-linear runoff model 101 98 100 99 96 100 92 91 96 96
Linear runoff model 99 97 99 100 100 99 93 92 96 97
Linear runoff
model
All b-estimates set
to the lower 5%
conﬁdence interval
84 72 73 90 89 76 83 63 75 81
All b-estimates set
to the upper 95%
conﬁdence interval
114 123 125 109 111 122 102 120 117 112
Liberation of P on the Japanese Archipelago (kg km-1 a-1)
Linear runoff model 50.21 25.11 107.87 77.86 96.39 13.51 93.01 41.98 24.55 160.85 15.24
Linear runoff model
(all parameters set
to the lower 5%
conﬁdence interval)
42.80 18.51 79.65 70.34 85.66 10.35 83.53 29.05 19.23 142.96 11.23
Linear runoff model
(all parameters set
to the upper 95%
conﬁdence interval)
57.61 1 31.72 136.09 85.39 107.11 16.67 102.48 54.91 29.87 178.74 19.24
Lithological proportion in %
Sum
lithological
classes
Monitored catchments 11.8 10.3 3.8 20.6 17.9 8.6 8.0 4.1 13.6 99.6 0.94 0.0
Japan 21.1 13.5 4.4 16.1 17.2 6.6 5.4 3.9 10.1 99.1c 0.73 0.14
Average runoff Japan
per lithological class (mm a-1)
975 1020 1044 1373 1074 1149 1027 1255 1100 1040 1063
a Area weighted mean for the 381 catchments applied for model attempts. Mean values per lithological class are used applying the full data set.
b Chemicalweathering rates include sulfur. Due to b-estimate for PA theﬂux rate is smaller in case of PA if compared to the original linear runoffmodel for CSRWR. Average calculated CSRWR&S is 26.94 t km−2 a−1 (compared to 24.55 t km−2 a−1
for CSRWR).
c Water bodies account for 0.63% and carbonate sedimentary rocks for 0.21%.
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Fig. 8. Chemical weathering rates (CSRWRs) on the Japanese Archipelago applying the linear (a) and the non-linear-runoff model (b) and according spatial distribution of
phosphorus release (c, d).
142 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157of slope and CSRWR is negative. However, for some lithological
classes insigniﬁcant b-estimates appeared in models including more
predictors than runoff and lithology. Recalculation of the respective
model without these b-estimates (Table 3) reveals only minor effectsof the insigniﬁcant b-estimates on CSRWR per lithology in the runoff-
temperature or runoff-slope model.
Results imply that for each lithological class the applied factors
runoff, gradient of slope and temperature hold different controls on
a)
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m-
2  
a
-
1 )
CS
RW
R 
(t k
m-
2  
a
-
1 )
runoff (mm a-1)
runoff (mm a-1)
0 400 800 1200 1600 2000 2400
0
20
40
60
80
100
120
 AD CSRWR
 SU CSRWR
 SM CSRWR
 SS CSRWR
 VB CSRWR
 VA CSRWR
 PY CSRWR
 MT CSRWR
 PA CSRWR
PY
MT, SS, V
A, SU & P
A
VB
AD 
& SM
0 400 800 1200 1600 2000 2400
0
20
40
60
80
100
120
 AD CSRWR
 SU CSRWR
 SM CSRWR
 SS CSRWR
 VB CSRWR
 VA CSRWR
 PY CSRWR
 MT CSRWR
 PA CSRWR
PY
AD
MT, SS, V
A, & PA
SU
VB 
& SM
Fig. 9. CSRWR per runoff for different lithological classes. Results from the linear runoff-
model (a) and the non-linear runoff-slope-temperature model (b) are presented using
Eq. (1b) (with and without slope and temperature). For gradient of slope typical
average values from Table 1 have been applied; for temperature the average
temperature of all catchments, 11 °C, is applied. Note that the maximum runoff for
typical AD dominated catchments is below 1200 mm a−1, and that thus CSRWR-values
of AD for high runoff values are likely not representative in the exponential model.
Table 5
Correlation coefﬁcients (bold: signiﬁcant, i.e. pb0.05) between relative residuals from the lin
underestimation with increasing values of the applied factor. For example, a positive trend
All catchments ADN0.6 MTN0.6
Spearman rank correlation
Relative residual 1.00 1.00 1.00
Gradient of slope (°) −0.16 0.06 −0.43
Temperature (°C) 0.24 0.33 0.26
Runoff mean (mm a−1) −0.06 0.43 −0.99
Forest proportion (%) −0.13 −0.07 0.26
Ca-excess/CSRWR 0.03 0.55 −0.77
Speciﬁc SPM ﬂux (t km−2 a−1) 0.07 −0.06 0.20
Atmospheric deposition cations/river cations −0.36 0.11 −0.49
Moment correlation
Relative residual 1.00 1.00 1.00
Gradient of slope (°) −0.09 0.02 −0.61
Temperature (°C) 0.21 0.61 0.23
Runoff mean (mm a−1) −0.03 0.46 −0.96
Forest proportion (%) −0.06 −0.12 0.25
Ca-excess/CSRWR 0.11 0.51 −0.44
Speciﬁc SPM ﬂux (t km−2 a−1) 0.08 0.08 0.70
Atmospheric deposition cations/river cations −0.40 0.12 −0.37
n 381 15 6
a p-level=0.054.
143J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157CSRWR. However, correlations among the applied factors (Fig. 7) may
contribute to these ﬁndings. According to the runoff-slope-temper-
ature model, the classes AD, SU, SM, and PY are strongly inﬂuenced by
temperature (bTb−1600), and the classes VB and VA by gradient of
slope (bsb−0.7). For AD, SU, PA, and SM, the non-linear-runoff-slope
model results in insigniﬁcant slope b-estimates close to zero, implying
no notable effect of changing slope gradient. Results for AD and SU
seem plausible as those classes are characterized by generally low
gradient of slope. The observed low variability of this parameter
complicates the extraction of the potentially signiﬁcant inﬂuence of
gradient of slope. For PA, the insigniﬁcant slope parameters support a
reported lack of a signiﬁcant relation between weathering derived
solute ﬂuxes and gradient of slope (White and Blum, 1995). In
contrast to the other lithological classes the positive, but insigniﬁcant,
b-estimate for the class SM hints to an increasing CSRWR with
increasing slope. Lacking signiﬁcance could be attributed to the low
range of gradient of slope-values of SM dominated catchments
(Tables 1 and 4). In addition, SM releases a substantial amount of
calculated Ca-excess, affecting ﬂux variability and thus possibly the b-
estimate calculation (see below).
Models incorporating temperature as a predictor show very low
runoff-b-estimates for the lithological classes VB, PA and MT,
compared to other lithological classes and models. However, in a
model including gradient of slope and temperature, only the runoff b-
estimate of the lithological classMT remains low. Like the class SM,MT
holds only a low areal proportion on the training catchments (~4%)
and is characterized by high Ca-excess ﬂuxes, which may explain the
result. The observed low b-estimates, in the non-linearmodel, suggest
a strong decrease of CSRWR relative to runoffwith increasing runoff. In
addition, the low runoff-b-estimates inhibit application of the runoff-
temperature model for these classes for high runoff conditions.
If gradient of slope is considered besides temperature, the runoff b-
estimate of the class VB (basalt), is close to 1. This and results from the
residual analysis (Table 5) suggest that for this class gradientof slopehas
a stronger control on CSRWR than temperature for Japanese settings.
Dessert et al. (2003) identiﬁed a dependence of basaltweatheringﬂuxes
to temperature besides runoff. However, the role of gradient of slope
was not investigated in that study, and it compared regional averages of
ﬂuxes and not single catchments as this study here does.ear runoff-model and catchment characteristics. A positive correlation reﬂects a trend to
for temperature denotes an underestimation with increasing temperature.
PAN0.6 PYN0.6 SMN0.6 SSN0.6 SUN0.6 VAN0.6 VBN0.6
1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.01 −0.55 −0.10 −0.21 −0.31 −0.64 −0.42a
0.33 0.26 0.30 0.26 0.02 0.64 0.00
0.02 0.64 −0.20 −0.07 −0.07 −0.43 −0.46
−0.19 −0.29 −0.60 −0.44 −0.29 −0.21 −0.47
0.50 −0.19 0.00 0.17 −0.56 −0.61 −0.01
0.00 0.26 0.40 0.01 0.34 0.36 0.03
−0.41 −0.26 0.40 −0.59 −0.37 0.36 −0.34
1.00 1.00 1.00 1.00 1.00 1.00 1.00
−0.18 −0.61 0.11 −0.18 −0.40 −0.42 −0.43
0.34 0.28 0.35 0.06 −0.11 0.70 0.08
−0.11 0.46 −0.23 −0.03 −0.09 −0.09 −0.57
−0.26 −0.36 −0.44 −0.31 −0.25 −0.06 −0.32
0.50 0.01 −0.05 0.27 −0.52 −0.18 −0.08
0.18 0.16 −0.08 0.12 0.36 0.29 0.12
−0.38 −0.56 0.45 −0.70 −0.11 0.09 −0.32
23 8 5 56 13 7 22
144 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157The models including temperature as a predictor suggest a
temperature sensitivity of the CSRWR for most lithological classes
(Table 3). However, parameters should be interpreted only for the
typical catchment temperatures between 2 °C and 18 °C. Low temper-
ature b-estimate-values (e.g., between −1000 and −3000 for classes
AD, SU, SM, SS, VA or PY) suggest a notable control on CSRWR. For
example, a temperature b-estimate of−2000 would cause the CSRWR
to increase by about 27% or 49% in response to a catchment temperature
increase from 10 °C to 20 °C or 2 °C to 18 °C, respectively. For the latter
temperature increase, b-estimates of −1000 and −3000 would cause
an CSRWR increase of 22% and 82%. The low absolute values of VB and
MTof about−100or+100 suggest a small dependence of CSRWR from
temperature (a change of ~2% for an increase from 2 °C to 18 °C). The
observedweathering rate changes in dependence from temperature are
thus in most cases within the ranges reported in literature (c.f. Brady
and Carroll, 1994; Lasaga, 1995; Brady et al., 1999). However, no
signiﬁcant inﬂuence could be identiﬁed for basalt (VB), despite positive
ﬁndings of a study applying data from different regions (Navarre-
Sitchler and Brantley, 2007). Note that the activation energies in the
referenced literature cannot be directly compared with results here as
the type of the Arrhenius term describing the temperature dependence
is different (c.f. Brady and Carroll, 1994; Lasaga, 1995; Brady et al., 1999;
Navarre-Sitchler and Brantley, 2007). Some studies apply the difference
to average temperature of the analysed area while some reference to a
certain temperature, which is set to compare with laboratory studies.
For the applied Japanese data the original Arrhenius term offered the
best interpretable results.
Results suggest that the inﬂuence of temperature on CSRWR varies
largely between lithological classes (Table 6) and seems to be most
pronounced for the classes AD and SU. Unfortunately, no studies
focusing on the temperature effect on the CSRWR of unconsolidated
sediments were identiﬁed for comparison. The validation of this
temperature effect might be of importance for global scale CSRWR,
because unconsolidated sediments represent about 34% of the
exorheic terrestrial surface relevant for weathering processes (Dürr
et al., 2005). Speciﬁcally, the composition of alluvial deposits is very
heterogeneous with respect to mineral content, grain size, weathering
history of grains, etc. The high weathering rates of unconsolidated
sediments, speciﬁcally AD, compared to values from other regions
(compare references provided in the discussion of Hartmann et al.,
2009) may be explained by short transport routes from the source toTable 6
Inﬂuence of changes of typical b-estimates on the predictions for the predictors gradient of s
term is provided for comparison. If the calculated p-level of a b-estimate is signiﬁcant (pb
Typical predictor values and results
for the term in the model equation
L
w
t
Slope b-estimate 5° 10° 15° 20°
0.8 3.62 6.31 8.73 10.99
0 1.00 1.00 1.00 1.00
−0.2 0.72 0.63 0.58 0.55
−0.5 0.45 0.32 0.26 0.22
−1 0.20 0.10 0.07 0.05
Activiation energy
equivalent:
5 °C 10 °C 15 °C 20 °C
Temperature b-estimate "Ea=−b/8.314472"
0 0 1.0000 1.0000 1.0000 1.0000
−600 72 0.1157 0.1201 0.1246 0.1292
−1000 120 0.0275 0.0293 0.0311 0.0330
−1500 180 0.0045 0.0050 0.0055 0.0060
−2500 301 0.0001 0.0001 0.0002 0.0002deposition regions due to the settings of the Japanese Archipelago.
Because the weathering history of minerals from Japanese AD and SU
sites is different from AD and SU sites of larger river systems
elsewhere, results of the here identiﬁed model are probably not
generally transferable (speciﬁcally for AD). An additional explanation
of the high weathering rates in dependence on runoff for AD may be
intensive agricultural practices as well as increased evapotranspira-
tion compared to the steeper areas of other lithological classes that
lead possibly to a concentration effect. White and Blum (1995)
observed the latter in granite areas for the elements Si, Na and Ca.
3.4.4. Residual analysis
Residual analysis is performed to evaluate possible biases of the runoff
models,which are used for extrapolation to the JapaneseArchipelago. The
histogram distribution of residuals (r=calculated CSRWR−predicted
CSRWR) of all testedmodels is symmetric and in general steeper than the
normal distribution, which underlines the quality of the approach
(Fig. 10a to d). The analysis of relative model residuals
rr = observed specific flux−predicted specific fluxð Þ = observed specific flux;
provides a better tool to analyse the relative biases of estimated ﬂuxes
per catchment by potential predictors not included into the model
equation than analysis of absolute residuals (compare Fig. 10e and f).
In the following, the correlations between the relative residuals of the
linear-runoff-model and neglected factors are discussed.
Modelled CSRWRs tend to underestimate high chemical weather-
ing rates and overestimate low chemical weathering rates (Fig. 10f).
This is attributed to factors not recognized in the runoff-model,
geodata quality and heterogeneity of geodata attributes, unresolved
by the classiﬁcation schemes. In Table 5 correlations between relative
residuals and recognized factors are provided by using ﬁrst the
Spearman rank correlation with more robust results for a small
number of cases and/or non-normal distribution of data sets. The
Pearson moment-correlation, which is applied in most studies, is
provided in addition but relies on certain parameter conditions that
are in general not fulﬁlled.
Correlation analyses suggest a weak but signiﬁcant trend to
overestimate CSRWR for low catchment temperatures and underes-
timation for high temperatures (Table 5). However, application of
catchments dominated by more than 60% areal proportion of onelope and temperature. The equivalent of activation energy Ea according to the Arrhenius
0.05) the according lithological class is presented in bold.
ithological classes
ith b-estimates close
o shown b-estimate
Ratio between highest
and lowest value
Comments (ranges for obscure
lithol. classes and typical p-elevels
of b-estimates)
SM 3.03 SM: 12-16°; pN0.3
AD, SU, PY, PA 1.00 pN0.25
AD, SU, PY 0.76 pN0.25
SS, MT 0.50 pb0.05
VB, VA 0.25 VA: 10-17°;pb0.05
VB, MT 1.00 MT: 10-13°C; pN0.65
pN0.25 (q-slope-temp-model); VA:
PA, VA 1.12 pb0.05 (q-temp model)
SS 1.20 pb0.05
PY, SM 1.32 pb0.05
SU, AD 1.58 pb0.05
145J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157lithological class, as representatives for that lithology (Table 5) shows
signiﬁcant (pb0.05) correlations with temperature only for AD and
SS. This would suggest a general bias by these lithological classes for
the predictions from the linear runoff-model. Note, that for both
classes only one of the correlation-calculation-procedures results in a
signiﬁcant correlation. Additionally, the number of available cases is
low for most lithological classes. Thus, a likely temperature effect in
the residuals of the CSRWR-predictions for the set of all catchments
cannot reliably be conﬁned to certain lithological classes by analyzing
relative residuals.
However, laboratory experiments identiﬁed temperature as one
important factor inﬂuencing dissolution rates of minerals. As discussed
above, for ﬁve of nine lithological classes temperature could satisfac-
torily be applied as predictor, based on the signiﬁcance and the
interpretability of b-estimates (Table 3). For some classes, like VB, no
certain temperature effect could be detected applying the introduced
approach. The additional improvement of including temperature in a
model for the overall prediction quality is however limited (Table 3).
Thus, the effect of neglecting temperature inﬂuence is probably
minor for the extrapolation of the runoff-models to the whole
Archipelago if the objective is to derive a regional average CSRWR.
This is because the training catchments represent a large area of the
Japanese Archipelago and are distributed relatively homogenously.0 20 40 60 80 100 120
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Fig. 10. Comparison between calculated and predicted CSRWR and distribution of residuals
(c, d). Model residuals and relative residuals for the linear runoff model are compared to th
residuals and observed ﬂuxes is r=0.63 (pb0.0001) (e). Other correlations coefﬁcients are
CSRWRmight be interpreted as a spurious correlation caused by a few catchments with high
observed because the model is trained with runoff data (g). The correlation between relative
cations shows the largest correlation of all considered potential factors, which may bias anThe deviations between the average CSRWRs per lithological class of
different models support this interpretation. The heterogeneity of
the results (weak correlation with relative residuals versus signiﬁ-
cant b-estimates in the empirical model approach) concerning the
possible effect of annual average temperature variation does not
allow a clear quantiﬁcation of the inﬂuence of temperature. In
addition, residual analysis and inter-comparison of models reveal
limits of the multilithological approach to quantify the effect of
certain potentially important factors on chemical weathering rates,
speciﬁcally if their inﬂuence is weaker than that of other factors like
lithology and runoff.
The inﬂuence of temperature seasonality on the hydrological cycle
and thus weathering rates may represent an additional error source,
speciﬁcally regarding application of the here presented models to
different regions. This is particularly relevant for cold climates with
pronounced effects of snow cover on the seasonality of the hydrological
cycle and thus CSRWR (c.f. Millot et al., 2003; Pokrovsky et al., 2005;
Zakharova et al., 2007; Frey et al., 2007; Fraysse et al., 2010).
Nevertheless, correlation analysis suggests that the mass-
balance approach to calculate weathering derived cation ﬂuxes
introduces a larger bias than neglecting temperature or gradient of
slope as predictor. The ratio “atmospheric deposition of cations” to
“observed cations in the river water” correlates strongest with the-25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60
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146 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157relative residuals (Table 5; Fig. 10h). Note that the atmospheric
deposition of dissolved silica is only of minor importance (Hart-
mann et al., 2010a). An alternative approach to the applied mass-
balance methodology was used in many previous studies using the
molar ratios of underlying rocks and of atmospheric deposition as
end-members for the ﬁnal composition of river water (c.f. and
referenced studies in: Gaillardet et al., 1999; Dessert et al., 2003).
Most of the available literature applies end-members of acid
silicates and carbonates to represent matter ﬂuxes from rock
weathering. However, if considering a multi-lithological approach,
a sufﬁcient regional geochemical database with high spatial
resolution of the underlying rocks is still missing. Such a database
should in addition distinguish dominating silicate minerals, trace
and matrix carbonate as well as further trace minerals like apatite.
For regions containing signiﬁcant proportions of evaporite in the
underlying rocks, corrections for the contribution of lithogenic salts
to the river cation ﬂuxes need to be considered.
Other factors, like gradient of slope, proportion of forest, or Ca-
excess, correlate weakly or not at all with the relative residuals for the
total data set. The non-linear model shows the same uncertainties due
to correlations of relative residuals with temperature and the
inﬂuence of the mass balance approach (results not shown). Analysis
of residuals underlines that runoff and lithology are the most
important predictors for the regional CSRWR.3.5. Application to the Japanese Archipelago
Because the two runoff-models show the most signiﬁcant b-
estimates, and their aggregated results differ only slightly from each
other (Table 4), this model type is applied to the Japanese Archipelago
spatially explicit (Fig. 8). The mean spatial explicit CSRWRs per
lithological class are close to the CSRWRs predicted for the monitored
catchments (Table 4). Deviations are caused by differences in the
spatial correlation between runoff and lithology. Models including
temperature or gradient of slope are problematic, because including
temperature would result for the lithological class VB in a signiﬁcant
lower CSRWR for high runoff, and including gradient of slope results
in unrealistically high CSRWR in regions with very low gradient of
slope. If gradient of slope was applied to the used grid size for
extrapolation, the average CSRWR for the Archipelago would increase
to more than 30 t km−2a−1. The cause is the application of average
gradient-values of each catchment for the b-estimation procedure.
The value range of gradient of slope leads in some cases to a relevant
bias, in case gradient of slope values are applied spatially explicit: For
slope-values close to zero this term approaches inﬁnity in case the b-
estimate is below zero and would thus result into unrealistically high
CSRWRs. The value-range of the 100 m gradient of slope grid is much
larger than the value range of the catchment data set due to an
aggregation effect. This problem might be less relevant in case the
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Fig. 11. Distribution of the Ca-excess-proportion on the total Ca-ﬂuxes per catchment
considering Ca-excess ﬂuxes from the combined classes PA, MT, SS, SM, and VA (a), and
proportion of lithogenic sulfur on the ﬂuxes from chemical weathering for CSRWR&S (b).
147J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157prediction equationswould be applied in a lumpedmode to the basins
draining to the sea (c.f. Hartmann et al., 2010a, 2011). However, in
this case additional uncertainty is introduced, as basins are often
larger than the training catchments, and the aggregation effect would
dilute the spatial correlation between predictors.
The application of CSRWR-models to grids, with averaged gradient
of slope values, which have approximately the size of the average
catchments may be appropriate at the global scale. For Japan this is
not useful, because of its comparably small area. An alternativemay be
the spatial explicit application of the average gradient of slope to each
lithology polygon to derive better results using the multi-lithological
approach. However, in this case the named aggregation/scale effect
should be analyzed in detail. It might be possible to introduce a
correction factor after scale analysis, acknowledging the aggregation
effect for the extrapolation to certain grid sizes. Thus, the inﬂuence of
the parameter gradient of slope on chemical weathering rates remains
difﬁcult to extrapolate and needs careful handling. Improving the
knowledge of how gradient of slope inﬂuences weathering rates is
promising for future research, because gradient of slope is an im-
portant factor steering hydrological pathways and residence time of
water in the underground. Despite the named difﬁculties to extra-
polate the derivedmodels, the appliedmulti-lithological framework is
still important to understand the inﬂuence of controlling factors as
outlined in the sections above.To evaluate the potential error of the extrapolation of the runoff-
models, the average CSRWR of the linear runoff model was calculated
with b-estimates set to the lower 5% and upper 95% conﬁdence
interval values (Table 4). Applying these b-estimates would cause the
total CSRWR prediction to vary by about 20% for the total Japanese
Archipelago. The resulting variations per lithological class, would be
similar to the largest differences between the runoff-models and the
other presented models in Table 4. Deviations are highest for the class
MT with about 37%. This class holds only a small proportion on the
total area and is characterized by signiﬁcant Ca-excess ﬂuxes, which
may cause the large uncertainty. The application of the b-estimates of
the class unconsolidated sediments (SU) to dune sands (DS) may
produce too high estimates, but the areal proportion of dune sands is
small. The same holds for basic plutonics (PB) to which the b-
estimates of basic volcanics (VB) were applied.
Results from the application of the predictionmodels to the Japanese
Archipelago suggest that the monitored catchments cover the value-
variation of predictors well. Therefore, the application to the Japanese
Archipelago seems appropriate (compare Fig. 5 with Fig. 8).
The dominant inﬂuence of runoff on the CSRWR can be seen in
Fig. 8, as the edges of the runoff grid are still visible in certain areas.
The spatial patterns of CSRWR resulting from both runoff models are
similar, suggesting that their b-estimates sufﬁciently reproduce the
relationship between runoff, lithology and CSRWR for the Japanese
Archipelago.
3.6. The inﬂuence of excess-Ca from non-silicate calcic minerals on
CSRWR of silicate-dominated lithological classes
In addition to silicate minerals, carbonates (e.g., trace calcite, vein
calcite, carbonates in the matrix of siliciclastic rocks) and other non-
silicate minerals (e.g. apatite) contribute to the total Ca-ﬂuxes from
silicate dominated lithologies. Contribution of Ca from non-silicate
calcic minerals from sediment lithologies SM and SS, or relevant
crystalline rocks (MT, PA and VA), is quantiﬁed by Ca-excess,
comparing Ca-ﬂuxes from silicate weathering and typical silicate Ca/
Na-ratios for the Japanese Archipelago. For themonitored catchments,
the total Ca-excess-ﬂuxes amount to 10.1% of the total calculated
CSRW-ﬂux. Thus, the chemical silicate rock weathering rate (CSRWR)
is close to the total chemical weathering rate of silicate minerals, but
differs for certain catchments and lithological classes. The average
proportion of Ca-excess-ﬂux per catchment to total Ca-ﬂux are for PA,
MT, SS, SM and VA, is 62%, 75%, 56%, 83% and 84%, respectively. The
average of these values is well displayed in the distribution of the Ca-
excess proportion to total Ca-ﬂuxes per catchment for those classes
(Fig. 11a). The applied data for the chemical composition of the
lithological classes inﬂuences the results, which are derived from a
review containing rock geochemical data from different regions
(Appendix D). However, a comparison of the spatial distribution of
lithological classes (Fig. 2) and calculated Ca-excess (Fig. 12) under-
lines the suitability of the approach.
No clear relationship between Ca-excess ﬂuxes and CSRWR,
runoff, temperature or land cover was identiﬁed, which would bias
the extrapolation results (Fig. 13). The positive correlation with
river-pH reﬂects the high alkalinity counterbalanced by Ca from Ca-
excess for a number of catchments characterized by an extraordi-
narily high Ca-excess ﬂux (Fig. 13e). A positive correlation between
the proportion of Ca-excess on CSRWR and gradient of slope
(Fig. 13d) is in accordance with a generally steeper terrain
underlying the silicate lithological classes SS, SM or MT (Table 1).
A similar correlation between the abundance of calcite in rocks and
Ca-ﬂuxes from chemical weathering with gradient of slope has been
identiﬁed by a study of Sueker et al. (2001). Steep terrain is covered
predominantly by forests, thus high Ca-excess-proportions on the
CSRWR are observed for catchments with high forest coverage. The
lack of a clear relation with runoff or temperature suggests little or
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149J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157no inﬂuence of those factors on the release rate of Ca-excess for the
considered region.
For the Japanese settings, the majority of unconsolidated sedi-
ments (AD and SU) are assumed to hold no signiﬁcant proportions of
carbonates or non-silicate Ca-minerals, as they are in general of
terrestrial origin and went through at least one weathering cycle (c.f.,
Takai et al., 1963; Hartmann, 2009). The analysis of Ca-excess
proportions on CSRWR per catchment seems to support this
hypothesis (Fig. 13) as for AD and SU only minor calculated Ca-excess
ﬂuxes result from the computation procedure (20% and 2% of the total
Ca-ﬂuxes, respectively). However, the value of 20% for AD may be0 20 40 60 80 100 120
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Fig. 13. Relationships between the proportion of Ca-excess on CSRWR and selected paramete
62%, 75%, 56%, 83% and 84%, respectively.seen as evidence for the abundance of carbonates because of effects
from agricultural practices (Oh and Raymond, 2006), or the inﬂuence
of previously precipitated secondary calcium carbonate which is now
being dissolved (c.f. the sensitivity study for the assumption that a
catchment is not in steady state in Violette et al., 2010).
A comparison between the Ca-excess proportion on Ca-ﬂuxes and
Ca-excess contribution to CSRWR for catchments located in areas with
high proportions of VB and PY reveals a lower contribution of Ca-
excess to CSRWR if compared to catchments in areas dominated by
PA, MT, VA, SS and SM (compare Fig. 2 with Fig. 12). However, it is
likely that the molar Ca to Na release-ratio of 1:1 is too low in general0 500 1000 1500 2000 2500 3000 3500
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rs. The average proportion of Ca-excess-ﬂux to total Ca-ﬂux for PA, MT, SS, SM and VA is
150 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157as for the volcanic classes VB and PY Ca-excess-ﬂuxes of 17% and 27%
are calculated, respectively. Speciﬁcally for the volcanic lithological
classes VB and PY (and probably VA) the abundance of volcanic
glasses/tephra may bias the calculation of Ca-excess, because calcium
can be preferentially removed relative to sodium from tephra and
volcanic glasses (Dahlgren et al., 1999, and references therein). In
addition, not only for volcanic lithological classes the ﬁrst assumption
of equal Ca and Na release ratios is challenged. An elevated Ca-
plagioclase weathering susceptibility, as suggested by Goldich (1938)
and Blum (1994), would lead to an overestimation of the Ca-excess-
contribution in our model for lithological classes for which the
abundance of signiﬁcant amounts of non-silicate calcic minerals has
been assumed. No studies could be identiﬁed that quantify such an
effect for a large region as the Japanese Archipelago and would allow
improving the molar Ca/Na-release ratio for a single lithological class.
To improve the Ca-excess approach it may need the application of
individual Ca to Na release ratios per lithological class or for groups of
minerals. Named ﬁndings suggest that the here introduced Ca-excess
estimation provides on average an upper value for Ca-release from
non-silicate minerals.
If the applied methodology proved to be reliable in general, the
results support the idea that it is important to consider non-silicate-
calcic minerals as signiﬁcant contributors to chemical weathering0 400 800 1200 1600 2000 2400
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Fig. 14. P release according to the linear runoff model (a) and the runoff-slope-
temperature model (b). Note that release values of the lithological class AD in (b) for
runoff-values above 1200 mm a−1 are unreliable due to the low training runoff values
of AD. Most areas with the lithological class AD have runoff values below 1200 mm a−1.rates for silicate-dominated lithological classes (Mast et al., 1990;
Blum et al., 1998; Jacobson and Blum, 2003; Nakajima and
Terakado, 2003; Bickle et al., 2005). Thus, a reliable Ca-excess
estimation may be important to distinguish global carbonate and
silicate weathering rates and to understand the relevance of
chemical weathering in the climate system on geological time
scales (c.f. model approach in Berner and Kothavala, 2001; Lenton
and Britton, 2006). A more detailed analysis of the inﬂuence of
minerals causing Ca-excess-ﬂuxes to distinguish better the contri-
bution from carbonates and other non-silicate calcic minerals
would demand an extensive database with appropriate regional
or local geochemical/mineralogical data of high spatial resolution,
and in case of a detailled global analysis an enhanced lithological
map (if compared to the currently available global lithological
maps).3.7. Contribution of sulfur to CSRWR&S
Including sulfur in the deﬁnition of chemical weathering rate
(CSRWR&S) adds ~9.7% to the total calculated CSRWR of the
monitored catchments (compare Fig. 11b). The model prediction
quality is weaker than for the CSRWR-runoff-models (Table 3), and
the b-estimate-values are in most cases comparable to the CSRWR-
linear-runoff model (b10% difference) if the additional load from
sulfur is considered. Exceptions are the classes VA and SU (b-estimate
ratios are +38% and +20%, respectively if compared to the linear
runoff model). This suggests an increased contribution of lithogenic/
geogenic S to the total chemical weathering ﬂuxes from the latter two
lithological classes.
This may be caused not only by the variability of the S-content in
the distinguished lithological classes, but also by considerable
volcanic/hydrothermal sulfur-release, according to the b-estimates
and calculated averages of CSRWR&S-rates per lithological class
(Tables 3 and 4). However, the results from the multi-lithological
model approach are supported by the calculated S-ﬂux-rate of the
CSRWR (compare Fig. 2 with Fig. 12). Speciﬁcally in areas with high
proportions of lithological classes SU and VA in the northern part of
Honshu (the largest island), high ratios of S-ﬂuxes to CSRWR are
observed.
The lack of other satisfactory explanations for the high sulfur-ﬂux
from SU leads to the assumption of a contamination by VA. The low
S-ﬂux ratio in the south-western part of themain island, Honshu, can
be explained by the high proportion of PA, which shows the lowest S
proportion on CSRWR&S. The low predicted values of PA may be due
to a bias in the data set, as the b-estimate in the model is below that
of the linear CSRWR-runoff model, which hints at an overestimation
of the S-contribution from VA (spatial correlation) due to the
prediction approach (Table 3). Thus, results from SU and PA are
possibly biased by the multi-lithological approach and the spatial
correlation with VA. However, all b-estimate values, with exception
of PA and VA, are within 10% of the b-estimates of the CSRWR-linear-
runoff model if the averaged additional 10%-contribution of sulfur is
accounted for.
The proportion of lithogenic sulfur to the total calculated river S-
ﬂux is 38 wt.% on average per catchment, but 59 wt.% of the total
observed ﬂuxes. It is possible that sulfur-ﬂux results are biased by
regional differences in atmospheric sulfur-deposition, which are not
covered by the mass balance approach (see Residual analysis section).
Note that most atmospheric deposition data applied are from the
period between 1980 and 2005.
A comparison of the mass ratios in lithological classes between the
elements Si, Ca, Mg, Na, K and S, used to calculate CSRWR and
CSRWR&S, however, suggests a much smaller contribution of S to the
CSRWR&S as calculated here (b1%; Appendix D). Four reasons may
explain this observed difference:
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average values of lithological classes for the Japanese Archipelago
is not representative with respect to the element S,
2) the mass balance approach for distinguishing lithogenic and
atmospheric S is not sufﬁcient (c.f. Kasasaku et al., 1999),
3) the dissolution rate of sulfur containing minerals is much faster
than for other considered compounds (e.g. due sulphide oxida-
tion) and residual as well as secondaryminerals do not contain any
signiﬁcant sulfur (Tranter et al., 1993), and
4) sulfur that is not included in the analysis of rock geochemistry is
present, e.g. from volcanic/hydrothermal activity or from deposits
originating from hydrothermal processes (c.f. Miyabuchi and
Terada, 2009). Thus, additional sulfur components might not be
part of the rock database used for calculating average S-content
per lithological class.
The fourth reason may be relevant as precipitation of sulfur
deposits can be widely observed in active volcanic areas, for example
in the Aso volcano area in Kyushu (ﬁeld observation by J. Hartmann).
These results imply a possible importance to consider sulfur minerals
as signiﬁcant contributors to observed chemical ﬂuxes in the rivers of
certain regions and speciﬁcally for volcanic lithological classes,
despite of low sulfur concentrations in the “original” rocks (excluding
secondary deposition after mineralization of the magma).
3.8. Liberation of lithogenic phosphorus by chemical weathering
P-release by chemical weathering is calculated here assuming
that P is released at the same rate as the bulk of rock-minerals is
dissolved, as a ﬁrst estimate. Results for the Japanese Archipelago
cover the typical release-ranges of ~1 to 100 kg P km−2a−1 reported
in literature for various regions (c.f. and referenced studies therein:
Gardner, 1990; Newman, 1995).
The runoff-dependence of the calculated phosphorus liberation
per lithological class is different from that of CSRWR (compare Figs. 9
and 14), due to the applied geochemical information (Appendices C, D
and E). Differences exceed a factor of ﬁve, considering the highest
phosphorus release rate relative to CSRWR for SM and the lowest for
VA. The distribution of estimated phosphorus release over the
Japanese Archipelago shows a large spatial variability (Fig. 8), and
follows similar patterns as CSRWR, because P-liberation and CSRWR
per lithological class are each a function of runoff (compare Fig. 3 with
Fig. 8). Nevertheless, the assigned P-content per lithological class leads
to locally signiﬁcant differences between relative CSRWR and P-
liberation rate if compared to their overall averages.
From the time of release from rock minerals, P is cycled between
various terrestrial reservoirs by biological uptake, adsorption to soil
particles, or formation of new autochthonous minerals, before it is
eventually exported to river systems. Thus, P-ﬂuxes in rivers cannot
be expected to correlate with the P-release rate by chemical
weathering in general. The rates of P uptake by these terrestrial
reservoirs are still under debate, and their quantiﬁcation is addition-
ally constrained by analytical problems (Walker and Syers, 1976;
Gardner, 1990; Crews et al., 1995; Cross and Schlesinger, 1995;
Newman, 1995; Filippelli and Souch, 1999; Beck and Elsenbeer, 1999;
Filippelli, 2002; Nezat et al., 2007; Filippelli, 2008; Nezat et al., 2008;
McGroddy et al., 2008; Pett-Ridge, 2009). Due to these difﬁculties the
here presented release-rate approach provides a tool for ﬁrst order
estimations of P-release. Results show a large variation ranging over
more than two magnitudes. In addition, the introduced methodology
provides a tool to assess consequences for the spatial variability of P-
release by chemical weathering for terrestrial ecosystems and soils.
Such spatially resolved release-rates are needed for ecosystem
models, which calculate the effect of P-availability to ecosystem
processes or carbon budgets. However, many models force the
parameter “P-release by chemical weathering” to be constant overallor set it to certain rates based on the mapped soils because of
unknown spatial variability of the release rate in dependence from
other environmental factors (c.f. approaches in Porder et al., 2007;
Buendia et al., 2010; Wang et al., 2010).
The usage of an average geochemical composition per lithological
class, based on data from other regions than the Japanese Archipel-
ago, introduces uncertainty that cannot be quantiﬁed here. Results
suggest, however, the importance of recognizing differences in P-
content of lithological classes. It remains unknown here how large
the P-content in the carbonate matrix of siliciclastic rocks, or
carbonate fragments in mixed sediments is. Those account for a
large proportion of Ca-excess and carbonates are characterized by a
dissolution rate capacity exceeding that of silicate minerals by a
magnitude (Meybeck, 1987). Nevertheless, results suggest that the
application of combined information from a lithological and a
geochemical database can provide reasonable insights into the
spatial distribution of P-concentration in rocks, as well as spatially
explicit estimates for the P-release rates in dependence of the local
chemical weathering rate.
3.9. Application to the global scale
Application of the linear runoff model to the global scale following
the setup described in Hartmann et al. (2009) results into a chemical
weathering rate of silicate dominated lithological classes of 670 Mt a−1
(5.6 tkm−2a−1) for endorheic and exorheic areas. The used areas cover
a region of 132*106 km2 but exclude mapped areas of sedimentary
carbonate rocks, SC (~10.4%). Boeglin and Probst (1998) suggest that
bicarbonate ﬂuxes counterbalanced by weathering derived cations are
about one third for catchments with a high proportion of lateritic soils
(ferralitic soils and tropical ferruginous soils) if compared to areas
without lateritic soils. In addition, data fromEdmondet al. (1995; 1996)
and Mortatti and Probst (2003) suggest that this might be even lower.
As a ﬁrst estimate to compensate for reduced weathering ﬂuxes from
these areaswe assume that chemicalweathering rates of ferralsols (FAO
et al., 2009) are 25% of what is estimated by extrapolation of the linear
runoff model. Ferralsols represent “deep, strongly weathered soils with
chemically poor, but physically stable subsoil” (FAO et al., 2009). The
correction reduces the global silicate chemical weathering ﬂux from
silicate dominated classes by 9% to 609 Mt a−1 (5.1 t km−2a−1).
The global P ﬂuxes would be 1.6 Mt a−1 (13.8 kg km−1a−1) for
silicate dominated lithological classes (excluding ﬂuxes from carbon-
ate sedimentary rocks). Applying the reduced weathering ratio as
above would reduce this number by 8%, respectively. However, it
might be necessary to apply additional corrections, e.g. for permafrost
areas. The need for corrections hints to the fact that probably
regionally calibratedweatheringmodels are not in any case applicable
for the global scale because of differences in earth surface conditions.
This issue demands further research, e.g., recognizing the effect of
regional soil properties overlying rocks on lateral matter ﬂuxes in
more detail.
The observed P-release by chemical weathering is globally highly
variable, as it is on the Japanese Archipelago due to the dependence
from runoff and geochemical composition of the rocks (compare for
relations between runoff and lithological classes in Hartmann et al.,
2009). The observed total weathering ﬂux from silicate dominated
lithological classes is higher than the 550 Mt a−1 that were estimated
by Gaillardet et al. (1999) for global silicate chemical weathering.
However, the calculation approaches and deﬁnitions of lithological
classes are not strictly comparable and the CSRW-ﬂuxes here include
the excess-Ca and represent endorheic areas in addition.
4. Conclusion
For the ﬁrst time the lithological classiﬁcation scheme of Dürr et al.
(2005) has been successfully applied to analyse chemical weathering
Estimated average silicate Ca/Na molar ratio per lithological class.
Silicate Ca/Na molar ratio
Alluvial deposits (AD) 1.27
Sediments, semi- to unconsolidated (SU) 1.27
Mixed sedimentary rocks (SM) 1.29
Siliciclastic sedimentary rocks (SS) 1.29
Basic and intermediate volcanic rocks (VB) 1.41
Acid volcanic rocks (VA) 0.18
Pyroclastic ﬂows (PY) 1.41
Metamorphic rocks (MT) 0.58
Acid plutonics (PA) 0.37
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contribution to weathering derived ﬂuxes and the P-release rate by
chemical weathering. In addition, the multi-lithological approach
introduced previously for the calculation of dissolved silica ﬂuxes
and CO2-consumption using the same data sets (Hartmann, 2009;
Hartmann et al., 2010a) is shown tobeappropriate for theextrapolation
of chemical weathering rates per lithological class in dependence of
controlling factors.
Application of the approach to the global scale provides compa-
rable results to a previous study (Gaillardet et al., 1999) andwill allow
analyses of the spatial distribution of chemical weathering rates and
the identiﬁcation of weathering hotspots. However, interpretation
of the global scale application needs to consider that the model has
been calibrated based on geological settings representing the typical
settings of a highly active weathering region if compared to the global
average CSRWR. Probably multiple regionally calibrated models
may provide better results (c.f. differences in the models for silica
mobilization for the Japanese Archipelago and North America: Jansen
et al., 2010; Hartmann et al., 2010a). An alternative might be to use a
chemical weathering model calibrated by a data set from a highly
active weathering region and to perform corrections for the reduction
in chemical weathering rate based on local/regional environmental
settings for other regions (e.g. deeply weathered soils, as conducted
here).
Understanding of lateral, weathering derivedmajor element ﬂuxes
was improved by considering different terms of chemical weathering
rates (CSRWR including/excluding sulfur and considering Ca-ﬂuxes
from non-silicates). It was shown that Ca-excess, the Ca-ﬂux
appointed to weathering of non-silicate calcic minerals, is very
heterogeneously distributed with locally high values. This has been
achieved by coupling the derived matter-ﬂux model with geochem-
ical information of underlying rocks. An improved quantiﬁcation of
the contribution of individual minerals to the monitored geogenic
chemical ﬂuxes requires a high-resolution geochemical database of
underlying rocks, which needs to be developed.
For the analysed region of Japan, it is difﬁcult to develop a chemical
weathering rate model including more predictors than lithology,
runoff, gradient of slope and temperature, if the 5% signiﬁcance level
of model b-estimates and the interpretability of derived estimates are
required. Lithological information and runoff are identiﬁed as the
dominant factors for the prediction of chemical weathering rates at
the regional scale. The inﬂuence of temperature remains difﬁcult to
quantify, because temperature information is partly represented by
the information from hydrological processes (for the Japanese
Archipelago). The same holds for gradient of slope, which inﬂuences
runoff patterns. Despite soil properties are not included in the model,
results suggest that lithology and runoff sufﬁciently explain the
weathering derived ﬂuxes for the Japanese settings. This may be
attributed to the in general steeper terrain than observed for other
regions. However, for global application, soil properties should be
recognized.
The development of a mechanistical, process based model,
applying results from empirical research, as presented here, would
be the next step to improve the understanding of factors controlling
weathering rates and quantify their effect. First approaches towards
complex mechanistical models as e.g. introduced by Godderis et al.
(2006, 2009) highlight that this will be possible in case the needed
geodata are available. Global or regional scale mechanistical models
should also address the inﬂuence of gradient of slope. One of the
major constraints for the improvement of reliable prediction models
remains the availability of representative geodata, in terms of
resolution and applied classiﬁcation schemes (speciﬁcally in case of
soil properties or geochemistry of rocks).
For the ﬁrst time, P-release by chemical weathering was calculated
at the regional scale spatially explicit for areas distinguished by
lithological classes. P-release rates show locally different patternsthan chemical weathering rates due to differences of P-content per
lithological class. The application of the proceduremay have relevance
for ecosystem models, which analyze the feedbacks of P-release by
chemical weathering with the climate system or the carbon cycle on
geological time scales. Such models need to recognize in addition the
various terrestrial reservoirs of P in the terrestrial system (biotic
uptake, adsorption to soil processes or authigenic mineral formation).
However, a simple but robust empirical prediction approach as
identiﬁed here is a feasible tool for application at the global scale to
estimate weathering rates and P-release by chemical weathering for
regions without monitoring data.Acknowledgements
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The calculation of the lithological Ca/Namolar ratios assumes that
geochemical composition of lithological classes can be represented
by rock classes provided in applied reviews on geochemical
composition of rocks and sediments (Ricke, 1960; Taylor, 1964;
Wedepohl, 1969; Le Maitre, 1976; Li, 2000; Pfeifer et al., 2000; Max
Planck Institute for Chemistry, 2006). The applied assemblage of
lithological classes by rock classes with available geochemical
composition is based on Dürr (2003) and considers the typical
geological settings of Japan (Takai et al., 1963): AD: 75% shales+25%
sandstone; SU: 75% shales+25% sandstone; SM: 25% shales+25%
greywacke+25% pelagic clays+25% sandstone; SS: 25% shales+
25% greywacke+25% pelagic clays+25% sandstone; VB; 50%
basalt +50% andesite; VA: 100% rhyolite; PY: 50% basalt+50%
andesite; Mt: 60% granodiorite+30% granite+10% basalt; PA: 33.3%
granodiorite+66.6% granite. The carbonate content in sandstones and
shales is assumed tobe3 wt.% (c.f.Wedepohl, 1969) and is recognized in
the calculation of silicate Ca/Na molar ratios. Geochemical data of
shales and sandstones fromplatforms are not considered (Wedepohl,
1969, p. 260). Further information on the applied data are provided in
Hartmann et al. (in press).
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Latitudinal trends of concentrations, runoff, temperature and gradient of slope (b to f). Linear regression trends are plotted for comparison.Latitude (°N)
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Geochemical composition of lithological classes based on a literature review including data from different regions than Japan (compare
Appendix A). The composition of rocks has been summarized according to the description given in Appendix A.Weight percent Alluvial
deposits
(AD)
Sediments, semi-to
unconsolidated
(SU)
Mixed sedimentary
rocks
(SM)
Siliciclastic
sedimentary rocks
(SS)
Basic and intermediate
volcanic rocks
(VB)
Acid volcanic
rocks
(VA)
Pyroclastic
ﬂows
(PY)
Metamorphic
rocks
(MT)
Acid
plutonics
(PA)
SiO2 63.9 63.9 64.8 64.8 53.6 72.8 63.2 66.0 69.6
TiO2 0.65 0.65 0.60 0.60 1.36 0.28 0.82 0.60 0.39
Al2O3 13.7 13.7 12.9 12.9 16.4 13.3 14.8 15.3 14.8
Fe2O3 2.4 2.4 3.3 3.3 3.5 1.5 2.5 1.6 1.3
FeO 2.9 2.9 1.9 1.9 5.6 1.1 3.3 2.8 2.0
MnO 0.08 0.08 0.56 0.56 0.17 0.06 0.12 0.08 0.06
MgO 2.3 2.3 2.3 2.3 5.0 0.4 2.7 1.9 1.1
CaO 3.0 3.0 2.7 2.7 8.1 1.1 4.6 3.8 2.5
Na2O 1.3 1.3 1.6 1.6 3.2 3.6 3.4 3.6 3.7
K2O 3.0 3.0 2.4 2.4 1.4 4.3 2.8 3.0 3.6
P2O5 0.14 0.14 0.29 0.29 0.28 0.07 0.18 0.18 0.14
CO2 2.2 2.2 1.9 1.9 0.08 0.08 0.08 0.07 0.06
S 0.18 0.18 0.09 0.09 0.22 0.06 0.14 0.02 0.02
SO3 0.02 0.02 0.09 0.09 0.07 0.01 0.04 0.02 0.01
H2O+ 4.1 4.1 4.5 4.5 1.3 1.4 1.3 1.0 0.9
C 0.45 0.45 0.18 0.18 0.02 0.02 0.02 0.02 0.03
Cl 0.00 0.00 0.00 0.00 0.06 0.11 0.09 0.06 0.04
Sum 100 100 100 100 100 100 100 100 100
154 J. Hartmann, N. Moosdorf / Chemical Geology 287 (2011) 125–157Appendix D
Proportion of the elements Si, Ca, Mg, Na, K and S of rocks according to the composition provided in Appendix C. The ratio between elements
being used for the calculation of weathering rates CSRWR and CSRWR&S shows a small content of S if the geochemical composition from the
literature review is applied (column 3).Sum of Si, Ca, Mg, Na, K
(CSRWR elements)
Sum of Si, Ca, Mg, Na, K, S
(CSRWR&S elements)
ratio (CSRWR elements/
CSRWR&S elements)
Phosphorus content/
CSRWR elements content
Phosphorus
content
wt.% wt.% wt.%/wt.% wt.%/wt.% wt.%
Alluvial deposits (AD) 36.85 37.04 1.01 0.17% 0.06%
Sediments, semi- to unconsolidated (SU) 36.85 37.04 1.01 0.17% 0.06%
Mixed sedimentary rocks (SM) 36.79 36.92 1.00 0.34% 0.13%
Siliciclastic Sedimentary rocks (SS) 36.79 36.92 1.00 0.34% 0.13%
Basic and intermediate volcanic rocks (VB) 37.38 37.62 1.01 0.33% 0.12%
Acid volcanic rocks (VA) 41.29 41.36 1.00 0.07% 0.03%
Pyroclastic ﬂows (PY) 39.34 39.49 1.00 0.20% 0.08%
Metamorphic rocks (MT) 39.88 39.91 1.00 0.20% 0.08%
Acid plutonics (PA) 40.70 40.72 1.00 0.15% 0.06%Appendix E
Phosphorus release from rocks due to chemical weathering processes is assumed to be proportional to the weathering rate per lithological
class. Based on this assumption the release of phosphorus is calculated using the CSRWR in dependence of runoff applying the linear runoff-
model (Table 3).Alluvial
deposits
(AD)
Sediments, semi-
to unconsolidated
(SU)
Mixed
sedimentary
rocks (SM)
siliciclastic s
edimentary Rocks
(SS)
Basic and
intermediate
volcanic Rocks (VB)
Acid
volcanic
rocks (VA)
Pyroclastic
ﬂows (PY)
Metamorphic
rocks (MT)
Acid
Plutonics
(PA)
Release g P per g CSRWR elements (wt.%) 0.17% 0.17% 0.34% 0.34% 0.33% 0.07% 0.20% 0.20% 0.15%
Runoff (mm a−1) Phosphorus release (kg km−2 a−1)
100 5 2 10 6 9 1 9 3 2
200 10 5 21 11 18 2 18 7 4
300 15 7 31 17 27 4 27 10 7
400 21 10 41 23 36 5 36 13 9
500 26 12 52 28 45 6 45 17 11
600 31 15 62 34 54 7 54 20 13
700 36 17 72 40 63 8 63 23 16
800 41 20 83 45 72 9 72 27 18
900 46 22 93 51 81 11 81 30 20
1000 51 25 103 57 90 12 91 33 22
1100 57 27 114 62 99 13 100 37 25
1200 62 30 124 68 108 14 109 40 27
1300 67 32 134 74 117 15 118 43 29
1400 72 34 145 79 126 16 127 47 31
1500 77 37 155 85 135 18 136 50 33
1600 82 39 165 91 144 19 145 54 36
1700 88 42 176 96 153 20 154 57 38
1800 93 44 186 102 162 21 163 60 40
1900 98 47 196 108 171 22 172 64 42
2000 103 49 207 113 180 24 181 67 45
2100 108 52 217 119 189 25 190 70 47
2200 113 54 227 125 198 26 199 74 49
2300 118 57 238 130 206 27 208 77 51
2400 124 59 248 136 215 28 217 80 54
2500 129 62 258 142 224 29 226 84 56
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